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Commissioner for Patents 
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Alexandria, VA 223 1 3-1450 

Dear Sir: 

Applicant, in the above-captioned patent application, appeals the final rejection of 
Claims 1-33. This appeal is proper under 35 U.S.C. §134 and 37 C.F.R. § 191(a). 

This appeal brief is filed in triplicate. A check in the amount of $330 is included to cover 
the fee for filing the appeal brief pursuant to 37 C.F.R. § 1.17(c). Please charge any additional fees 
which may be required to Deposit Account No. 11-1410. 



Pursuant to 37 C.F.R. § 1.192(c)(1), Applicant hereby notifies the Board of Patent Appeals 

and Interferences that ASM International N.V., a Netherlands corporation with its principle place 

of business at Jan van Eycklaan 10 3723 BC Bilthoven, THE NETHERLANDS, has acquired the 
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entire right, title and interest to the above-captioned patent apphcation by virtue of an assignment 
from ASM Microchemistry OY, a Finnish corporation having offices at Kutojantie 2B, 02630 
Espoo, Finland. A copy of this assignment executed on November 26, 2003 and recorded on 
December 17, 2003 is provided in the Appendix B. ASM Microchemistry OY obained the entire 
right, title and interest to the above-captioned patent apphcation by virtue of an assignment from 
the inventors. That assignment is recorded in the U.S. Patent and Trademark Office at Reel/Frame 
012029/0763. 

n. RELATED APPEALS AND INTERFERENCES 
Pursuant to 37 C.F.R. § 1.192(c)(2), Apphcant hereby notifies the Board of Patent Appeals 
and Interferences that Apphcant, Applicant's legal representative, and ASM Intemational N.V., , 
are unaware of any appeals or interferences that will directly affect, or will be directly affected by, 
or have any bearing on the Board's decision in the pending appeal. 

m. STATUS OF THE CLAIMS AND AMENDMENTS 
Claims 1-33 are pending. 

Claims 34-67 have been canceled in an amendment filed in a separate paper. 
Claims 1-33 stand rejected under 35 U.S.C. § 103(a) upon the grounds set forth in the Final 
Office Action. 

Claims 1-33 are the subject of this appeal. 

In accordance with 37 C.F.R. § 1,1 92(c)(9), a copy of the claims involved in the appeal are 
contained in the Appendix (Appendix A) attached hereto. 

IV, SUMMARY OF THE INVENTION 

In the atomic layer deposition (ALD) technique, one or two or more different reactants are 
sequentially and/or altematingly supplied to a reaction chamber in a pulse-wise manner. The 
reactants are supplied to the reaction chamber in the vapor state or in the gaseous state. 
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Furthermore, the reactants used in ALD are typically mutually very reactive, even at room 
temperature. Therefore two or more reactants or subsequent pulses of the same reactant used in 
ALD should be kept well separated and supplied to the reactor strictly sequentially. 

Accordingly, an embodiment of the present invention relates to a method for growing thin 
films onto a surface of a substrate by exposing the substrate to alternately repeated surface 
reactions of vapor-phase reactants. The method comprises providing a first reactant source and 
providing an inactive gas source. A first reactant is fed fi"om the first reactant source in the form of 
repeated pulses to a reaction chamber via a first conduit. The first reactant is allowed to react with 
the surface of the substrate in the reaction chamber. Inactive gas is fed fi-om the inactive gas 
source into the first conduit via a second conduit that is connected to the first conduit at a first 
connection point so as to create a gas phase barrier between the repeated pulses of the first reactant 
entering the reaction chamber. The inactive gas is withdrawn fi-om the first conduit via a third 
conduit connected to the fu-st conduit at a second connection point. 

This embodiment provides a novel method for forming a gas phase barrier between 
repeated pulses of the first reactant. Specifically, through switching of an inert gas flow, the 
reactant vapor flow is altematingly: (i) directed to the reaction chamber by an inert gas flow fi-om 
the source container towards the reaction chamber and then (ii) prevented fi'om flowing from the 
source container to the reaction chamber by an inert gas flow in a reverse direction in a part of the 
conduit connecting the source container and the reaction chamber. For embodiments that utiUze 
more than one reactant, this embodiment also provides a gas phase barrier between pulses of a fu-st 
reactant and a second reactant. In such embodiments, strict separation of two mutually reactive 
reactants, as required in ALD, can be achieved in a reliable way. One advantage of these method 
is that the switching valves may be configured such that they are only exposed to inert gas and not 



to aggressive reactants that could corrode the valves. Furthermore, the valves can be installed 
outside the reactor's hot zone without a risk of condensing low vapor pressure reactant. 

With reference to a specific embodiment of the invention, which is described in the 
Specification at page 14, line 9 to page 15, line 26 and illustrated in Figure 2, a first reactant source 
24 and an inactive gas source 29 are provided. Page 14, lines 14-17, A first reactant is fed fi-om 
the first reactant source 34 in the form of repeated pulses to a reaction chamber 27 via a first 
conduit 34. Page 14, line 18 to Page 15, hne 13. The first reactant is allowed to react with the 
surface of the substrate in the reaction chamber 27. Id, Inactive gas is fed fi-om the inactive gas 
source 21 into the first conduit 34 via a second conduit that is connected to the first conduit at a 
first connection point so as to create a gas phase barrier (See Figure 2 in Appendix B) between the 
repeated alternating pulses of the first reactant entering the reaction chamber 27. Id, The inactive 
gas is withdrawn fi"om said first conduit via a third conduit 33 connected to the first conduit 34 at a 
second connection point. Id, 

In another embodiment, which is described in the Specification at page 11, line 23 to 
page 13, line 20 and illustrated in Figure 1, the first reactant pulses that are separated fi:om one 
another may be alternated with similar pulses of a second reactant. 



V. ISSUE PRESENTED ON APPEAL 
The following issue is presented: Whether the combination of Leskela et al. (M. Leskela 
et. al., "Synthesis of oxide thin films and overlayers by atomic layer epitaxy for advanced 
applications," Materials Science and Engineering Vol. B41 (1996), pages 23-29) in view of 
Manasevit et al. (U.S. Patent No. 4,066,481) was properly used to reject Claims 1-33 under 35 
U.S.C. § 103. 

VL GROUPING OF THE CLAIMS 

For the piuposes of this appeal only, all of the appealed claims stand or fall together so as 
to simplify and narrow the issues on appeal. While the patentability of each claim will not be 
discussed individually, each claim does present distinct issues of patentability and Applicant 
respectfully reserves the right to separating argue in future continuing applications. 

Group 1: Claims 1-33 

Vn. DISCUSSION OF THE REFERENCES RELIED UPON BY THE EXAMINER 
In rejecting the claims, the Examiner relied upon the following references: 
Leskela et al.. (M. Leskela et. aL, "Synthesis of oxide thin films and overlayers by atomic layer 
epitaxy for advanced appUcations." Materials Science and Engineering Vol. B41 (1996), pages 
23-29) (Appendix C) 

Leskela et al. provides an overview of atomic layer deposition ("ALD") chemistry. 
Leskela et al. is divided into five sections. In the first section (i.e., the Introduction), Leskela et al. 
provided an overview of the alternately pulsed reaction sequence that is common in ALD. In this 
sequence, "[gjaseous precursors are introduced one at a time to the substrate surface and between 
pulses the reactor is purged with an inert gas or evacuated. In the first reaction step, the precursor 
is saturatively chemisorbed at the substrate surface and during subsequent purging the excess 
precursor is removed from the reactor. In the second step the other precursor is introduced on the 
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substrate and the desired film growth takes place. After that the reaction byproducts and the 
precursor excess are purged out from the reactor." Page 837. In the second section, Leskela et al. 
described the basic requirements of ALD precursors, which include volatility and sufficient vapor 
pressure. See pages 837-838. In the third section, Leskela et al. described precursor combinations 
and the surface as a reactant. In the fourth section, Leskela et al. described the chemistry of several 
non-metal and metal precursors. In the final section, Leskela et al. outlined fiiture challenges in 
ALD, which included ALD precursor development. 

Thus, Leskela et al. is relied upon for teaching standard ALD sequences including inert gas 
purges steps between reactant pulses. 
Manasevit et aLOJ.S. Patent No. 4,066,481) (Appendix D) 

With reference to Figure 3, Manasevit et al. disclosed a reactor system 20, which may be 
used to epitaxially form a multilayer composite 13. Col. 3, lines 29-30. The system 20 includes a 
reactor chamber 21. The reactant gases enter the reactor chamber 21 via an inlet line 24. Col. 3, 
lines 46-46. The system 20 uses bubbler tanks 31, 32, 33 to supply reactants to the reactor 
chamber 21. Col. 3, lines 49-50. The carrier gas flows from a source 37 through a Uquid nitrogen 
cold trap 38 and through an assembly 39 of valve-controlled flow meters. Col. 3, lines 59-63. The 
carrier gas can then be directed at a controlled rate through any or all of a series of valves 41, 42, 
43, 44, respectively, (with a second series of valves 81, 82, 83 and 84 being closed) into the 
bubbler tanks 31, 32, 33, 34 thereby transporting the desired reactant constituents in the bubblers 
through a series of tank exit valves 46, 47, 48, 49. Col. 3, lines 63-68. The constituents are then 
transported through another series of valves 51, 52, 53, 54 and, after proper mixing, through a final 
valve 62 to the inlet line 24 and the reactor chamber 21. Col. 4, lines 1-5. The spent reactant gases 
are exhausted from the chamber 21 via an exhaust line 25 and an exhaust valve 63. Id. 
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Manasevit et al. described a method of using the system 20 as including: "1) evacuating the 
reactor chamber 21; 2) filling and flushing the reactor chamber with flowing hydrogen; 3) heating 
the pedestal 22 and pedestal-supported substrate 12 to the deposition temperature; 4) equilibrating 
the flow of gas from the bubbler tanks by connecting the appropriate tanks to exhaust (via valves 
66, 67, 68, 69 and 72) and bubbling hydrogen therethrough at a controlled rate to equilibrate the 
flows at a predetermined ratio; 5) directing reactant gases into the reactor chamber to form the film 
of IV A- VIA compound or alloy; and 6) cooling the deposition composite to room temperature with 
hydrogen after diverting the reactant gases from the reactor " Col. 4, lines 8-20. 

In step 4, equilibrating the flow of gas from the bubbler tanks, involves diverting the 
hydrogen gas through valves 51, 52, 53 and 54 to exhaust (while valves 66, 67, 68 and 69 and 
common vacuum valve 70 are closed) and equilibrate the flows through the exhaust valves 75, 72 
at a predetermined ratio. Col. 4, lines 39-49 In step 5, reactant gases are directed to the reaction 
chamber, by opening valve 62 and closing the exhaust valve 75. Col. 4, lines 50-65. In this 
manner, the reactant gases are channeled into a single line, inlet line 24, prior to entering the 
reactor chamber. Id, By channeling the reactant gases into the single inlet line 24, the gases, 
which are mixed externally to the heated reactor chamber, can be introduced simultaneously into 
the reactor, thereby precluding an undesirable premature reaction of individual reactants with the 
heated substrate. Id, In step 6, the reactant gases are diverted from the reactor chamber 21 by 
closing valve 62 and opening the exhaust valve 75. Id, 

Thus, Manasevit et al. merely discloses maintenance of a reactant flow while alternately 
diverting that flow through the reaction chamber and directly to exhaust. 



-7- 



Vm. ARGUMENT 

A. The Combination Does Not Render Obvious the Method of Growing Thin Films onto a 
Surface of a Substrate as recited in Claims 1-33. 

Claims 1-33 stand rejected under 35 U.S.C. § 103. The rejection of all of these Claims 
relies on the combination of Leskela et al. and Manasevit et al. However, this combination of 
references does not establish prima facie obviousness for the reasons set forth below. 

Claim 1 recites method for growing thin films onto a surface of a substrate by exposing the 
substrate to altemately repeated surface reactions of vapor-phase reactants. The method 
comprises providing a first reactant source and providing an inactive gas source. A first reactant 
is fed fi-om the first reactant source in the form of repeated altemating pulses to a reaction 
chamber via a first conduit. The first reactant is allowed to react with the surface of the substrate 
in the reaction chamber. Inactive gas is fed fi-om the inactive gas source into the first conduit via 
a second conduit that is connected to the first conduit at a first connection point so as to create a 
gas phase barrier between the repeated altemating pulses of the first reactant entering the 
reaction chamber. The inactive gas is withdrawn firom said first conduit via a third conduit 
connected to the first conduit at a second connection point. 

The combination of Leskela et al. and Manasevit et al. does not set forth a prima facie case 
of obviousness. A prima facie case of obviousness requires that "all the claim limitations must be 
taught or suggested by the prior art." M.P.E.P, 2143,03. 

With respect to Leskela, this reference merely taught that in an ALD reactor "[gjaseous 
precursors are introduced one at a time to the substrate surface and between pulses the reactor is 
purged with an inert gas or evacuated." 

With respect to the Manasevit et al., this reference merely taught a reactor system that 
includes a reactor, a pluraUty of reactant sources, and a multitude of interconnected conduits and 

-8- 



valves for supplying the reactant to the reactor. Importantly, in the disclosed method for operating 
this reactor system, the valve 62 is opened and closed to permit or prevent ttie flow of the reactant to 
the reactor 21. See Col. 4, lines 50-54 and Col. 5, lines 4-8. 

As such, Leskela et al. and Manasevit et al. do not teach or suggest, either alone or in 
combination, a method in which inactive gas is fed from the inactive gas source into the first 
conduit via a second conduit that is connected to the first conduit (which provides reactant) at a 
first connection point so as to create a gas phase barrier between the repeated alternating pulses 
of the first reactant entering the reaction chamber. The applied references also do not teach or 
suggest, either alone or in combination a method in which inactive gas is withdrawn from said first 
conduit via a third conduit cormected to the first conduit at a second connection point. The 
Examiner has also not identified any suggestion in the references themselves or in the knowledge 
generally available to one of ordinary skill in the art to modify the references to include these 
operational steps. Thus, the Examiner has not has not set forth a prima facie case of obviousness. 

In the Office Action dated September 11, 2002, the Examiner stated that it "would have been 
obvious to one of ordinary skill in the art to modify the Leskela et al reference by the teachings of 
the Manasevit et al reference to use the gases feed system of Manasevit et al. in order to obtain more 
uniform flows as set forth in the prior art." However, as pointed out above, such a combination 
does not teach or suggest all of the claim limitations of Claim 1 . 

In response to Applicant arguments, in the final office action, the Examiner stated: 

The Manasevit reference teaches the separate [and] controllable inert gas line which 
clearly meets the apparatus limitations of the inert gas supply line as claimed. 
Applicants are arguing the operational differences between the claims and the prior art. 
However, the instant claims are drawn to an apparatus only , and thus the prior art must 
merely meet the apparatus limitations and be capable of the use. In the instant case the 
combination of Manasevit and Leskala et al teach the claimed apparatus deposition 
system and due to the valves and bypasses in the references, the combined apparatus is 
clearly capable of being operated as shown in the specification." 
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(emphasis added) 

However, Claims 1-33 are method claims, which recite a number of specific 
operational steps as referenced above. Without admissions, Applicant submits that even 
if the combination had the capability to meet the claimed invention, the rejection of 
Claims 1-33 cannot be properly maintained by showing that the prior art "merely 
meet[s] the apparatus limitations and [is] capable of the use. Instead, to establish a 
prima facie case of obviousness, the Examiner must show that all of the operational 
steps of Claims 1-33 are taught or suggested by Leskela et al and Manasevit et al. See 
MPEP 2143.03. Applicants respectfully submit that the Examiner has not met this 
burden and caimot meet this burden by merely stating that the prior art "meets the 
apparatus limitations and is capable of the use." 

DC. CONCLUSION 

Nothing in the prior art discloses, teaches or suggests the invention recited by the claims 
discussed above. In combination, the applied references also do not also art disclose, teach or 
suggest the invention recited by the claims discussed above. In addition, the art of fails to supply 
any motivation or suggestion to modify the applied references to include the limitations of the 
claims. The applied combinations of references therefore is improper. 

The applied reference thus do not make the invention obvious. The final rejection of 
Claims 1-33 based on obviousness should be reversed. Favorable action to this end therefore is 
most respectfully solicited. 

Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR 
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Dated: 



l-/(-oY 



By:_| 




Rabinder N. Narula 
Registration No. 53,371 
Attorney of Record 
2040 Main Street 
Fourteenth Floor 
Irvine, CA 92614 
(949) 760-0404 
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APPENDIX A 

1. (Previously presented) A method for growing thin films onto a surface of a 
substrate by exposing the substrate to alternatively repeated surface reactions of vapor-phase 
reactants, the method comprising the steps of: 

providing a first reactant source; 
providing an inactive gas source; 

feeding a first reactant from the first reactant source in the form of repeated 
alternating pulses to a reaction chamber via a first conduit; 

allowing the first reactant to react with the surface of the substrate in the reaction 
chamber; 

feeding inactive gas from the inactive gas source into the first conduit via a 
second conduit that is connected to the first conduit at a first connection point so as to 
create a gas phase barrier between the repeated alternating pulses of the first reactant 
entering the reaction chamber; and 

withdrawing the inactive gas from said first conduit via a third conduit connected 
to the first conduit at a second connection point. 

2. (Original) The method of Claim 1, further comprising the step of providing the 
second connection point upstream of the first connection point so that, at least for some length of 
the first conduit, the inactive gas fed into the first conduit flows upstream towards the first 
reactant source. 

3. (Original) The method according to Claim 1, wherein the step of providing a 
first reactant source comprises vaporizing the first reactant. 

4. (Original) The method according to Claim 3, wherein the step of providing a 
first reactant source further comprising maintaining the first reactant source at least at a 
vaporizing temperature of the first reactant. 

5. (Original) The method of Claim 1, wherein the step of providing a first reactant 
source comprises freeing solid reactant from solid particles located within the first reactant 
source. 

6. (Original) The method of Claim 1, wherein the step of providing a first reactant 
source comprises freeing liquid reactant from a suspended liquid in the first reactant source. 
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7. (Original) The method of Claim 1, further comprising the steps of providing a 
purifier and passing the first reactant through the purifier before transferring the first reactant 
into the reaction chamber. 

8. (Original) The method of Claim 7, wherein the purifier is a filter comprising at 
least one of a ceramic molecular sieve and an electrostatic filter capable of separating one of at 
least dispersed Uquid, sohd droplets, particles and molecules of a minimum molecular size fi-om 
the reactant gas flow. 

9. (Original) The method according Claim 7, wherein the purifier is an active 
purifier comprising functional groups capable of reacting with components present in the 
reactant gas flow. 

10. (Original) The method of Claim 7, wherein the step of providing a purifier 
fiirther includes providing the purifier along the first conduit between the second connection 
point and the first reactant source. 

11. (Original) The method of Claim 10, further including only passing the first 
reactant over the purifier in a signal direction. 

12. (Original) The method according to Claims 10, further comprising the step of 
forming the gas phase barrier between the purifier and the reaction chamber. 

13. (Original) The method according to Claim 1, further comprising providing the 
second connection point between the first connection point and the first reactant source. 

14. (Original) The method of Claim 1, further comprising the step of maintaining the 
third conduit at a temperature at least equal to a condensation temperature of the first reactant. 

15. (Original) The method according to Claim 1, further comprising the step of 
maintaining the second conduit at a temperature no greater than a reaction temperature of the 
reaction chamber. 

16. (Original) The method according to Claim 1, wherein the third conduit is an 
open gas flow channel. 

17. (Original) The method according to Claim 1, wherein the third conduit does not 
include valves. 

18. (Original) The method according to Claim 1, wherein the first conduit does not 
include valves. 
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19. (Original) The method according to Claim 1, further comprising the steps of 
providing an outlet conduit for withdrawing unreacted reactants from the reaction chamber and 
connecting the third conduit to the outlet conduit, 

20. (Original) The method according to Claim 1, further comprising the steps of 
providing an outlet conduit for withdrawing unreacted reactants from the reaction chamber and 
connecting the third conduit to a separate outlet conduit. 

21. (Original) The method according to Claim 1, further comprising the steps of 
connecting a second inactive gas source to an inlet of the first reactant source and using inactive 
gas from the second inactive gas source as a carrier gas for the first reactant. 

22. (Original) The method according to Claim 1, further comprising the steps of 
connecting the inactive gas source to an inlet of the first reactant source and using inactive gas 
from the second inactive gas source as a carrier gas for the first reactant. 

23. (Original) The method according to Claim 1, further comprising the steps of 
draining substantially all of the first reactant from the reactant source through the third conduit to 
between the repeated alternating pulse of the first reactant. 

24. (Original) The method according to Claim 1, further comprising the steps of 
providing a condensation vessel and connecting the condensation vessel to the third conduit and 
condensing vaporized reactant residues in the condensation vessel. 

25. (Original) The method according to Claim 1, further comprising connecting a 
second inactive gas soiurce to the third conduit via a fourth conduit and feeding inactive gas into 
the third conduit. 

26. (Original) The method according to Claim 25, further comprising using the 
inactive gas fed into the third conduit via the fourth conduit to reduce an amoxmt of gas 
withdrawn from the first conduit. 

27. (Original) The method according to Claim 1, further comprising connecting the 
inactive gas source to the third conduit via a fourth conduit and feeding inactive gas into the third 
conduit. 

28. (Original) The method according to Claim 27, further comprising using the 
inactive gas fed into the third conduit via the fourth conduit to reduce an amount of gas 
withdrawn from the first conduit. 
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29. (Original) The method according to Claim 28, further comprising feeding the 
inactive gas into the third conduit via the fourth conduit when the first reactant is being fed into 
the reaction chamber, wherein the inactive gas is fed during pulsing of the reactant. 

30. (Original) The method according to Claim 1, further comprising connecting the 
inactive gas source to the third conduit via a fourth conduit upstream of a flow restrictor and 
feeding inactive gas into the third conduit. 

31. (Original) The method according to Claim 1, further comprising feeding inactive 
gas into the reaction chamber in-between the repeated alternating pulses of the first reactant. 

32. (Original) The method according to Claim 1, further comprising the steps of 
alternately, with respect to the first reactant, transferring a second reactant into the reaction 
chamber and allowing the second reactant to react with the surface of the substrate in the reaction 
chamber. 

33. (Original) The method according to Claim 1, further comprising the steps of: 
providing a second reactant source; 

transferring a second reactant from the second reactant source to the reaction 
chamber via a fourth conduit; 

alternately, with respect to the first reactant, allowing the second reactant to react 
with the surface of the substrate in the reaction chamber; 

feeding inactive gas from the inactive gas source into the fourth conduit via a fifth 
conduit that is connected to the fourth conduit at a third connection point so as to create a 
second gas phase barrier between repeated altemating pulses of the second reactant 
entering the reaction chamber; and 

withdrawing the inactive gas from said fourth conduit via a sixth conduit 
connected to the fourth conduit at a fourth connection point. 
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continuations, reissues, reexaminations, renewals, and extensions thereof and aU rights of priority under DitemBtional 
Convmtions and applications for Letters Patent diat may hereafter be ffled for said nivendons or for die said Patents and 
Patent Applications m any country or countries foreign to the United States; and ASSIGNOR hereby authorizes and 
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sue for, collect, and retain damages for past infringements of die said issued Letters Patents; 
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PATtMTS 


fiERlAl, NO. 


DATE HUD 


PAT^ NO. 


ATTN. DOCKET NO^ 


09/686,613 


1/4/00 


6,630,030 


SEPPI .OOlCPl 


09/6$1,020 


6/7/00 


6/416,577 


SEPP2,001APC 


09/619.820 


07/20/00 


6,506,352 


6EPP4.001AUS 


09/687,355 


10/13/00 


6,632,279 


SEPP5.001AUS 


09/749,339 


12/27/00 


6,661,406 


SEPP6.001AU3 


09/749,329 


12/27/00 


6^447,607 


SEPP7 001 AUS 


09/764,692 


1/18/01 


6,599,572 


SEPP8 001 AUS 




4/16/01 


6,548,424 


SEPPI 0.001 AUS 


09/600,757 


3/SA>l 


6,634,395 


ASMMC,002AUS 


09/843,518 


4/26/01 


6,482,733 


ASMMC.004AUS 


09/791,167 


2/22701 


6,492,283 


ASMMC.007AUS 


09/568,077 


5/10/00 


6,662,140 


ASMMC.012AUS 


09/769,662 


1/25/01 


6,579,374 


ASMMC.012C1 


09/667,204 


10/13/00 


6,482,262 


ASMMC.026AU$ 


09/687,205 


10/13/00 


6,475,276 


A6MMC.027AUS 










PAmrr APPUCATIONS 




SERIAL NO. 


DATE RLED 


ATTN. DOCKET NO. 




10/645,850 


a/21/03 


seppi,ooicpici 




10/206,296 


7/24/02 


SEPP4.001C1 




10/61 6,429 


7/10/03 


SEPP6.001C1 




10/386,926 


2/13/03 


SEPP6.001DV1 




10/205,297 


7/24A)2 


SEPP7.001DV1 




10/394,309 


3/ao/o3 


SEPP8.001C1 




09/797,062 


6/28/01 


SEPP9.001APC 




10/410,718 


4/B/03 


seppio.ooici 




09/836,674 


4/16/01 


SEPP11.001AUS 




10/270,745 


10/11/02 


SEPP11,001CP1 




09/835,831 


4/16/01 


SEPPI 2,001 AUS 




09/854,706 


5/14/01 


SEPP1 4.001 AOS 




10/003,749 


10/23/01 


SePPI 5.001 AU5 




10/066,315 


1/29/02 


SEPP1 6.001 AUS 




10/067,634 


2/4/02 


SEPPI 7.001 AUS 
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10/100 50ft 


3/1 0/02 


SEPP1 6.001 AUS 




Ail 1 


SEPPI 9.001 APC 


10/110 730 




SEPP20.001APC 






5EPP21.001APC 


1 0/976 AA^ 


1 In a/02 


SEPP22.001APC 


10/333 S21 


1 / J //03 


SEPP23.0blAPC 


10/253,859 




AdMMC.002C1 


10/329,658 




A9MMC,002DV1 


10/237-B26 


9/O/UZ 


ASMMC.0040V1 


10/^03.355 


1 1 /91 /no 


A&MmC.40V1C1 


1 0/303.293 


1 l/«4/VZ 


ASMMC.4C VI CP1 


09/887.199 


6y9l/ftl 


AoMMCOOSAUS 




10/25/02 


ASMMC.007C1 


70/049,125 


2/7/02 


ASMMC.008APC 


10/383,291 


3/6/03 


ASMMC.012C2 


09/997,396 


11/28/01 


ASMMa020AUS 


10/246,131 


9/17/02 


A6MMC.026C1 


10/210,715 


7/30/02 


ASMMC.027C1 




8/31/01 


A$MMC.028AUS 




9/2/03 


/XSMMC.029DV1 


09/801 1&42 


3/7/01 


ASMMC.030AUS 


1 0/227,475 


8/22/02 


ASMMC031AUS 


1 0/1 36,095 


4/30/02 


ASMMC.032AUS 


1 0/007,304 


12/5/01 


ASMMC.033AUS 


10/066.169 




ASMMC.034AU6 


10/187,142 


6/28/02 


ASMMC.035AUS 


Op/975,46e 


10/9/01 


ASMMC.036AUS 


10/222,005 


8/14/02 


ASMMC.037AUS 


10/242.368 


9/12/02 


ASMMa038AU8 


1<0/285,346 


10/30/02 


A$IVIMa042AUS 
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f\,0 precursor chemistry: Evolution and future challenges 

jll Leskeia and M. Ritala 

^rtment of Chemistry. University of Helsinki, P.O. Box 55, 00014 Helsinki, Finland 



,he surface. -^""'^^tt^^^L 

alkylamid«) as weU as non-n»eUl precursors (HA- 0„ 'l>^f "7^° „ecursor pulse The development of ALD 
is diverged and tailored molecules are designed for each process. 



, INTRODUCTION 



Atomic Laver Deposition (Epitaxy) developed in the early 70s is a modification of CVD and can also be 
S:~Sl^sll^\iaiG.s^^ pr-rsors are introduced one at a ..e - j e^^bstr^e 
surface and between the pulses the reactor is purged with an tnert gas or evacuated. In the first ^^actton s ep 
^eJ^rsoTi^ saturatively chemisorbed at the substrate surface and dunng the subsequent purging the 
Ls of the^iir^^^ retioved from the reactor. In the second step the other precursor .s tntroduced on 
Tsubslate a^tr^^^^^^^^ film growth reaction takes place. After that the reaction bypro ucts and the 
precursor excess are purged out from the reactor. When the precursor ^^e'^'^^'J' 
precursors adsoA and react with each other aggressively, one ALD cycle can be performed .n less than one 

'^'''^S:^:^^ SrurSion of an the react.on and purging steps wh.ch makes the 
gro J^I Jlf Snr™s brings the large area uniformity and conforma.i.y. the 

ff ALD. as shown in very different cases, v/.. planar substrates [3], deep t-nches W and ^^'^^'^^l'^^ 
cases of porous silicon [5] and high surface area silica and alumma P^^'^'^'j^ ^^^^'^^^^ 
thickness is straightforward and can be made by simply calculating the growih ^^^f^ J/^ 
developed to manufacture luminescent and dielectric films needed ^^^^^^^^^^ f"^ ' 

lot of effort has been put to the growth of doped zinc sulfide and alkalme earth me al sulfide fihns^ Late 
ALD has been studied for the growth of different epitaxial III-V [10,11] and Il-VI [ 2 13] films, non 
epitaxl^?p,Tallt oxide [M.IS] and nitride (16.17, films and '•'f ^^'^rtr been 

Minor attemion has been given to grow other films like those of metals and Auondes [181 y^-^T^ J^J^^^^^^^ 
considerable interest towards the ALE growth of silicon and germanium films but due to the dtff.cult 
precursor chemistry the results have not been very successful [19.20]. 

2. REQUIREMENTS FOR THE ALD PRECURSORS 

The precursors maybe gaseous, liquid or solid and in the last two cases the requirement is '^at they rnust be 
volatile. The vapor pressure must be high enough for effective mass transportation. The sohds and some 
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liquids need to be heated inside the reactor and introduced through heated tubes to the subs 
necessary vapor pressure must be reached at a temperature below the substrate temperature t 
condensation of the precursors on the substrate; ~ 

The self-limiting growth mechanism of ALD makes it easy to use also relatively low vapor prc^ 
precursors though their evaporation rates may somewhat vary during the process because of change 
surface area. The technolo^cally challenging task of pulsing precursors evaporated at high tempei 
solved elegantly by inert gas valving [2,3]. A challenge remaining with very small particle size sol|| 
to prevent the particles from being transported by the carrier gas and entering the films. 

The precursors must be thermally stable at the substrate temperature because their decomposi„uj 
destroy the surface control and accordingly the advantages of the ALD method. A slight decompoi^ 
slow compared to the ALD growth, is acceptable as shown in the case of metal alkoxide precurs6| 
grov/th of oxide films [21,22]. >= Jif 

The precursors have to chemisorb on or react with the surface. The interaction between the prec^ 
the surface as well as the mechanism of the adsorption is different for different precursors as will be 
out later on. The adsorption can in the most cases be considered as an exchange reaction as reportied 
growth of oxide films where the surface OH groups play an important role [23,24], AJfter pu: ' 
molecule at the surface has to react aggressively with the second precursor and form the desired Svuu 
The demand of highly reactive precursors in ALD is in marked contrast to the selection of precursoii 
conventional CVD. The aggressive reactions guarantee effective use of precursors, short pulse tiihel 
purity of the fihns in ALD. ThOTnodynamic considerations of the film formation reactions are useful alth; 
the dynamic conditions in the process do not completely fulfill the real equilibrium requirements! 
aggressive reaction desired means that reactions having large negative values of AG are looked for^U' 
programs for calculations exist [25] but unfortunately thermodynamic data are not available for^^ 
number of organometallic precursors. The AG value is only tentative since it tells about the spontandt 
the reaction between the gaseous precursor molecules but nothing on the kinetics and, more importi 
nothing on adsorption. If there is no site where the precursors can adsorb and be anchored, the grovM 
not take place. There is no thermodynamic data for calculation and prediction of adsorption and s^ 
reactions and therefore to get predictions of them extensive quantum chemical calculations are needed/iiijp 
requirement for a negative AG is not strict since the growth proceeds under dynamic conditions whei^^ 
by-products are removed fi-om the surface. The reaction between InCl^ and water to InjOj has 6^ 
successfully utilized in ALD although its AG is slightly positive [26]. ^ 

The side-products in the reaction must be gaseous in order to allow their easy removal from the rea<|of. 
The side-products should not further react or adsorb on the surface. The reaction between metal chlon^«s 
and water, often used in the ALD growth of oxide films, produces HCI which may readsorb or reacted 
cause lowering of the growth rate or inhomogeneity in film thickness as shown in the case of TiOj, f(?r 
example [23,27,28]. HCI has been shown to adsorb also on the alumina and undergo an exchange reacdpV 
between the OH group, most readily with the basic ones [29]. 

Precursors should not react with the film and cause etching. NbCl, is an extreme example since it rea^ 
with niobium oxide and volatile oxochlorides are formed hindering the film growth [30]. TaClj behay^'-^ 
slightly similarly but the etching is not so severe and T^O^ film can be grown in a self-limiting manner b^| 



The final requirement for the precursor is that it should not dissolve in the film. This rather rare si*--^ 
was observed when copper films were grown using zinc vapor as a reducing agent. Zinc dissolved in co^U 
forming brass. During purging and the next copper precursor (CuCl) pulse zinc was re-evaporated anijj 
uncontrolled copper formation reaction took place [32]. 

While integrating ALD processes for making complete devices, the compatibility of the precursors w 
the underlying material, substrate or film, must be taken into account. No etching, harmfiil reactions 
dissolution may take place. 
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3 PRECURSOR COMBINATIONS AND SURFACE AS A REACTANT 

fhe unique features of ALD are not that much reflected in the choices of single precursor molecules which 
^ essentially the same as those used in CVD. Rather, it is the way how they are combined (Table 1) which 
makes the difference. As mentioned above, the precursors must react aggressively and completely. The 
difference to CVD chemistry is clear since ALD favours precursor combinations, for example trimethyl- 
aluminium (TMA) + water, zinc chloride + hydrogen sulfide, which in CVD can not be mixed together and 
introduced simultaneously into the reactor. 

The surface chemistiy of ALD relies on either molecular chemisorption or, perhaps more often, reaction 
of the inconiing precursor with the functional group on the surface. Experimental evidences of the latter case 
have been reported in many papers on ALD oxide films using water as an oxygen precursor [17,23,24, 
33 34]- There the actual reaction takes place between the OH groups on the surface and the metal precusor: 



n(-OH)(s) + MX,(g) -> (-0-)>lV(s) + nHX(g) 



(1) 



where M is a metal ion, X is a ligand, typically halide, alkoxide or alkyl. p varies depending on the metal and 
ligand and n varies depending on the amount of surface hydroxyl groups which in turn is a function of 
temperature. During the next pulse water changes the surface to a hydroxylated one: 



(^-)J^^n(s) + (p-n)(H,OXg) -> (-O-)MOH)^(s) + (p-n)HX (g) 



(2) 



The correlation between the amount of hydroxyl groups on the surface and the amount of metal precursors 
adsorbed has been shown in the experiments made on high surface area silica powder [33]. Also the low 
growth rate of InjO, thin films, known to be deficient of surface OH groups, can be explained by the lack 
of reaction sites during the indium precursor pulse [34]. On the other hand, the increase of the water dose 
in a pulse significantly increases the growth rates of oxide films which can be understood in terms of 
increased hydroxyl group densities [35]. 

The lack of anchoring sites or functional groups can be the reason for the non-ideal results obtained for 
example with III-V compound and elemental (metal) films. On the other hand, ALD growth on selective sites 
could be utilized in selective area growth experiments by patterning the OH terminated surface and growing 
the film on the OH covered areas only. Crystallographically selective area growth is also possible as shown 
by Isshiki et al. [36,37]. They grew epitaxial lIl-V films and by controlling purging times they were able to 
deposit GaAs and GaP films either selectively on the (100) surfaces only or simultaneously on both the (100) 
and (1 1 1) surfaces of their (lOO)GaAs substrates which contained V-shaped grooves with the (1 1 1) oriented 
sidewalls. 

Direct experimental evidences on molecular chemisorption in ALD are sparse. Real time quartz crystal 
microbalance (QCM) measurements can be used to monitor the relative masses of adsorbed species [38]. 
Most processes studied by this method involve metal chlorides and water precursors and are aimed for oxide 
films, and also in the studies on P-diketonato complexes water has been used as the oxygen precursor. Thus 
the effect of OH groups is present in the adsorption which involves partial release of the p-diketonato 
ligands [39,40]. Kawai and coworkers [41,42] have shown, however, that Cu(thd)2 and Ca(thd)2 can 
chemisorb on silica surface without exchange reaaion via the interaction between surface oxygen atoms and 
C-0 bonds in the complex. 



4. PRECURSORS USED 



The need to develop a new deposition method for electroluminescent (EL) thin film devices which require 
high-quality, pinhole-free dielectric and luminescent films deposited on large area glass substrates resulted 
•n the discovery of the ALD method [8]. In the monochrome yellow-emitting EL devices ZnS:Mn thin films 
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are used as the phosphor material. Therefore, the first experiment carried out used elemental 
as precursors and that is the origin of the name Atomic Layer Epitaxy. When grown on siijj 



substrate at high eribugh temperature, real epitaxy can be obtained. Soon it turned out YhatJ^ 
precursors (ZnQj, MnClj, H^S) are more convenient to handle and films of the quality needed in^ ^ 
can be achieved. For these reasons and because only a few of them are volatile enough, element 
used as precursors, 11- VI compounds being the exceptions (Table 1). Epitaxial CdTe has been^ 
(100) GaAs in a monolayer fashion at a limited temperature range (260-290 *C) and at higher temji 
0.5 ML/cycIe growth was achieved [43]. With ZnSe the process window for I ML/cycle is wider,V 
350 °C [44]. The use of elemental zinc as a reducing agent in the ALD growth of transition metal^ 
is also worth mentioning [14,16,18]. 

In the following the ALD precursor chemistry is highlighted according to different precursor types| 
1 summarizes the diff^-ent precursors and reactions used in ALD without references. For detailed refen 
the recent renews [15,45,46] are refered to 



4.1 Precursors for non-metals 



4. J. J Oxygen 



Water has been by far the mostly used precursor chemical for oxygen. It reacts fast with many metal hklides 
and alkyls and reasonably well with metal alkoxides forming via surface hydroxyl groups oxide filmsSs 
described above. Problems with water arise with P-diketonato complexes because the reaction doesiicii 
occur or is slow at temperatures below 500 T!. In CVD p-diketonates have been used together with ox^tn 
but usually the temperature has been rather high [47]. Y2O3 films are the only ones reported to be grown by 
ALD from P-diketonates (Y(thd)3) and O2 with a low rate of 0.2 A/cycle [48]. The inertness of thelQi 
molecule can be explained by the double bond and accordingly all burning reactions need high temperatu?<is. 
The use of ozone instead of oxygen makes the ALD growth of oxides from the P-diketonates faster but 
slightly non-ideal since no ALD- window can be found but the growth rate increases with increasing 
temperature [48,49]. 

H2O2 has been in few difficult cases (InjOj, Si02) used instead of water to improve the growth rate 
[50,51]. The improvement can be explained by the increased number of OH groups on the surface. H2O2 
reacts also with TMA more eagerly than water but at low temperatures the resulting AJjO, films are not very 
dense as is the case also when water is used [52]. Alcohols have been used as oxygen precursor in deposition 
of AI2O3 films from both AICI3 and different alkoxides [53]. 



4, /. 2 Sulfur and selenium 



Hydrogen sulfide is a suitable and the mostly used sulfur precursor in ALD. It reacts well with very <liff^^: 
metal precursors: halides, alkyls, carboxylates, P-diketonates and cyclopentadienyl compounds (Table 0^ 
HjS is used in the large scale production of ZnS based and pilot scale production of SrS based EL phospJiin. 
Quantum chemical calculations on the reaction ZnClj + HjS -> ZnS have shown that the interaction of Ha? 
on ZnClj surface is depedent on the arrangement of the ZnClj molecules. Independently chemisorbed ZnClj 
molecules favour additive reaction of HjS and the critical step is the formation of HCl while ZnCl2 ch&ins 
favour the immediate reaction to ZnS [54,55]. A mass-spectroscopic study of the same reaction showed tha? 
HCl is released only after the HjS pulse and not after the ZnClj pulse [56]. 

The reaction between dimethyl zinc and HjS proceeds in a monolayer fashion at 250-310 X [57]. The. 
process is sensitive to Hj purge and Zn(CH3)2 dose. It is proposed that dimethyl zinc adsorbs as a molecute 
on the sulfur surface. The Hj sensitivity gives indications for the possibility of an inhibiting reaction whM 
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metallic zinc and methane are formed [57]. A recent detailed study on Cd(CH,), + H,S ALE reactions 
Ced however, that dimethyl cadmium chemisorbs dissociatively releasmg methane and formmg a 
n^methylated ^rface (58].-Methane is also released during the H^S pulse and a SH surface is formed. The 
liiism proposed where the surface SH groups play an important role resembles closely to that reported 

fixr water and surface OH groups. .... . c • t-o^ xk^ 

Hydrogen selenide reacts like hydrogen sulfide with zinc chloride and alkyl compounds formmg ZnSe. The 
have been focused on verifying the ML growth/cycle and details of the mechamsms and the possible 
S of SeH groups have not been reported. The use of a thermal precursor cracker improves he film qudity 
tils been explained by the formation of elemental species having surface mobility higher than Zn(C,HO. 
andH2Se[59]. 



4.1.3 Nitrogen 

A^nia has automaticly been the precursor for nitride films. Three types of approaches have J^^aken 
t^ds nitride films: epitaxial GaN (Al.^Ga^. Ga.^In^N) films grown from alM «""P°""^?,^^^^~^ 
or optoelectronic applications [60], polycrystalline AIN films for diele^nc and p^s.vat.on laye^^ [^^^^^^ 
0 yTr^staUine transition metal nitrides (TiN. NbN. TaN. Ta,N,. MoN) grown from metal chlondes fo 
KsL barrier and protective applications [14]. In systems where no reducUon f ^^e -etaU^^^^^^^^^ 
s needed ammonia works rather well. The impurities found from for example AIN fl-'' «^Wonne and 
hydrogen with AlCl, [61,62] and cartoon and hydrogen with TMA [62], show tl«t ammoma leaves behind 
some hydrogen. The oxygen found in the AIN films is concentrated on the surface indicating post deposition 
oxTdation xfolatile traSon metal precursors usually contain metals at their highest oxidation states but m 
,he nitrides the oxidation state is +m and therefore reduction must ^^^'J^^TII^ZaV^SO^^ 
and for example TiN can be prepared with the reaction between TiCl, and NH, and the film made at 500 C 
is rather pure but films of better conductivity are obtained if zinc is used as an additional reducing agent [16 . 
Ammonia does not reduce TaCl, and Ta,N, is formed, and Zn vapour reduction is "^^"^ J^^^^^^^^ 
As a summary, ammonia is a suitable precursor for nitride formaUon reactions with metal chlondes if the 
metal ion has not to be reduced. If reduction is needed an additional reducing agent rnay be nece^aiy The 
situation may change if other metal precursors than chlorides are used as shown in the case of TiI, [65]. 

4. 1.4 Hydrides of Group V(15) Elements 

PH,. AsH, and SbH, are the most common precursors for the group V elements. In ALE t^ey have been 
used together with both chlorides and alkyi compounds of the group ffl elements (Table 1 ^ J ^^1?™^^ 
of the ni-V compounds has not been very successful because of the complexity of the surface chemistry and 
there is no single mechanism for the growth of the IIl-V compounds by ALE. The <''ff- '"^^^^^^^^^^ 
chemistry are believed to be mainly due to the group ffl precursors and not be<^ause of the group V hydnd^^ 
HowevJ the As-H species play certainly an important role in the chemisorption of TMG and the nstability 
of surfac^ ASH, is a partial reason for the problems. Fast injection of AsH, high hydrogen partial pressure 
and injetion of atomic hydrogen on AsH, surface have improved the sdf-lin^ting type growth V Ho jve. 
in someexperiments wide temperature, pulse time and pressure widows have been observed [66] a^^^^^^^^ 
must be addressed to the Ugand exchange reactions similar to those descnbed for the growth ^'^ 
The precursors for the group V elements are not under special development but the users are satisfied to the 
compounds commercially available for MOVPE. 
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The Only piper existing on the ALD of fluoride films report the use of NH^F as a precursor fob 
Zn fluorides [67]. The precursor is not ideal and the growth rate remains low. In deposition of Sr$||^ 
fluoride codoping has been performed by benzoyl fluoride which is a suitable precursor for codoping;]^ 
for growing bulk fluoride films [68]. 

4,2 Metal precursors ..vJM. 



4.2,1 Halides 



• 9\ 



Metal halides, especially chlorides, are applicable precursors in ALD deposition of oxide, sulfide andnitrtdc 
films. They are volatile and reactive enough but most of them are solids which is in microelectronic industry 
considered as a disadvantage. The ALD surface chemistry of chlorides has been studied thoroughly bot^on 
planar substrates and on high surface area oxide powders in preparation of oxides. As described above in 
those cases metal chlorides are reacting with surface OH groups and HCl is formed. Much less is known on 
the chemisorption on sulftir surfaces. The calculations show that ZnCIz adsorbates on sulfijr surface form a 
stable complex [54,55] though desorption of ZnClj may occur easily [56]. Due to the size of the chloride 
anions and their repulsion, maximum surface coverage can be either 1/3 or Vi depending on whether the 
adsorption mode is independent or chain-like, respectively. Experimentally it has been shown that 2-3 cycles 
are needed for one monolayer depending on the experimental conditions [69]. The role of surface SH groups 
has not been studied in detail. ^^ 

The behaviour of aluminium, gallium and indium trichlorides in the growth of oxide films differs from each 
other markedly: AiPj can be grovwi v«th a good rate, GajOj does not grow at all, InjOj grows with a low 
rate. The oxide formation reactions become thermodynamically more unfavored in the same order. Partial^ 
those behaviours can possibly be addressed to the stability of OH groups on the oxide surface. The reactivity 
of Al, Ga and In chlorides with ammorua follows the same trend as that with water. In GaAs ALE GaCl has 
been more often studied as a precursor than GaCI^. The reaction between GaCl and ASH3 is not very 
favorable and long pulsing times are needed, and on the other hand GaCI desorption may occur and GaCl 
surface may change to inert Ga surface [70]. The studies have shown that GaClj reacts with AS4 precursor 
only in the presence of hydrogen [71]. A rather wide 1 ML/cycle ALE window has been found for GaClj + 
AsHj and the suggestion for the reaction mechanism goes via AsH and As-GaClj surface species [72]. 

SiCl4 reacts with water producing SiO^ films. The reaction is, however, very slow and pulse times of tens 
of seconds are needed. The process relies on the surface OH groups and the growth rate is dependent on 
temperature which fiirther determines the OH content on the surface [73]. The reaction can be enhanced by 
pulsing pyridine after each reactant pulse. Both the reaction temperature and pulse times could be reduced 
significantly without losing the growth rate per cycle and the quality of the film [74]. 



4,2,2 A Ikyl compounds 



Because of the importance of the III-V semiconductors most ALE and ALD studies using alkyl precursors 
deal with Ga. Al and In. Both trimethyl and triethyl compounds are easily available and their chemistry 
CVD is known. No special precursor for ALE has been designed. The ALE deposition of GaAs has been 
studied by numerous groups using different experimental set-ups and very different results have been 
reported- The difficulties arise fi-om the instability of Ga alkyl compounds (mainly trimethyl gallium. TMp). 
In ultra high vacuum systems no saturative growth or a very narrow temperature range for the saturation 
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H«en observed but the saturation can be enhanced by laser irradiation [45]^ The use of high-speed flow 
*^ u Hrncen transport has resulted in reasonably wide saturation range [66,75]. 
'^'^TZ^^^^ ALE GaAs surface chemistry, Firs, the TMG converts the 

^ TxT^Z^^Tiz^ to rgallium-terminated one and the methyl groups desorb. This surface is no 
TMG [76]. Second, TMG reacts with arsenic surface and forms a galhum nch 
^'fl c^v^S with methyl groups. The methyl groups make the surface passive for further adsorption of 
r7?l TO^^ (or TCG) decomposes on the surface to a monomethyl (ethyl) species which desorbs 
If tie surkce;^^ no deposition takes place. The growth requires a flux balance between adsorbing 
JdSiI^ species [78]. As a conclusion it can be said that ideal saturative growth is hard to achieve by 

HSI^^ and In alkyh are similar to those of gallium aikyls in the growth of the III-V 

lounds A^^^^ InP are the most commonly studied materials after GaAs. By using different tncks 
"^Ze s^^ precursor cracking, and H, purges it has been possible to grow these matends 1 

Z^^^- l^^ted temperature range [45]. In the growth of oxide films the alkyl compounds behave 
Ss- ™a + H,0 is almost an ideal reaction [79,80], TMG + H,0 does not proceed at al and TMI 
H ^sho™^^ low growth rate [34]. TMA-water process works in a wide teniperature range 

?:T^ the OH or H)Ltent of the film increases with decreasing temperature. The pro^^^^^^ 
^Ldied in many applications including modification of catalyst supports and membranes [81], die ectnc 
for EL devices and conosion procetion films. The reaction of Al and Ga alkyl -mpo-ds ^^^^^ 
ior^a results in AIN and GaN [60,62]. Clear temperature window for the self-limiting growth does not 
exist but stable growth can be achieved at fixed temperature. ^ • , -/ 7nQ^ 

Dimethyl (DMZ) and diethyl (DEZ) zinc have been used in deposition of both epitaxia^ ZnS and ZnSe 
filmsTwd 2^^^ and ZnO films. Close to I MlVcycle gro^^h was observed m the react>^n 

S^Sn DMZ at 25-500 ^ [82]. Hie process can also be used in a arge scde to fabn-^^^^^^^ 

based EL devices [83] Both DMZ and DEZ react vigorously with water formmg ZnO at 100-250 C the 
Sgrt^^r" beiig reaction temperature dependent [84]. This and the observation that the reactions 
b^weeT^ and H J and H,Se are hydrogen pressure dependent indicate thermal instabUity of the zinc 
S^mpou^^ not to forget the role of surface OH. SH and SeH groups, however. Jf the decomposition 
is complete and a zinc surface is formed, the chalcogenide formation reaction is inhibited. 

4.2.3 Alkoxides 

Alkoxides which are well known precu.«,rs b CVD have only in a ™^ j^^^^^^^ 

oxide films. Water and alcohols have served as oxygen precurors 121.53]. Alko«de^^^^^^^^^^ 

decompose at high temperatures and therefore ALD processes are hm.ted to ^^^^ 

where the growth is an ALD-type exchange reaction utilizing surface OH groups. The size of the precursor 

moL^uS Sets the growth Z and in the case of TiO, the precursor affects t^^^^^^^^^^ ^ 

Alkoxides are very important precursors for Nb and Ta ox.des because the.r chlorides etch the formmg 

oxides [86,87). 

4.2.4 fi-diketonato complexes 

Electropositive metals have not htany volatile compounds and p-diketonato Comdexes are among the few 
ones. The need of volatile alkaline earth and rare earth metal compounds for CVD ^^Pos °; ^ 
temperature oxide superconductors boosted the studies - Mike'onato c^^^^^^^^^ 1" e^^X 3 - 
interest has been in deposition of SrS based EL phosphors and thd-chelates (Hthd - 2.2,6.6-tetrafnethW 
heptanedione) are use'd as the precursors [88]. The instability of the PI^'-- "^^^^^^^^ 
non-uniformity for the films and the difficulties increase m the senes Ca<Sr<Ba [89], Anyway. Sr(thd), 
used in a pilot scale for SrS EL films [90]. 
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The alkaline earth P-diketonato complexes may oligomerize which limits the volatility^ 
naitral adducts have been added tpjhe complexes to. keep th The compl 

age by reacting with moisture also resulting in oligomers. The adduct molecules are beliey< 
against aging as well [47.91]. ALD depositions of alkaline earth sulfide films have been cam^ 
adducted thd complexes but it seems that the neutral adduct molecules do not stay inta|p 
temperatures [92,93]. Thus the surface reaction is basically the same as in the case of hpi^ 
complexes. One other way to avoid the aging and possible decomposition of the P-diketonato i 
the heated source is to make them in situ in the ALD reactor. This is possible by introducing 
vapor over heated alkaline earth metal or hydroxide and a reasonable growth rate (0.8-1 A/cycl^ 
achieved [94]. The vaporization of the Hthd liquid inside the ALD reactor requires careful .t 
control but this can be avoided by pulsing Hthd from outside of the ALD reactor [95]. ^ ffl 

As mentioned above the ALD deposition of oxide films from P-diketonato complexes and waitg| 
a favourable reaction the depoation of MgO being an exception but with a low deposition rate [96] 
results have been obtained by using ozone as an oxygen precursor. Even ternary LaCoOj and LaNiOj^ 
usually are difficult to prepare by CVD techniques have been grown by ALD from the correspondi 
complexes and ozone [97,98]. ' it; 

Cu(thd)2 is a possible precursor for deposition of metallic copper. The reduction is made by Hj anil 
to the instability of the precursor the process is self-limited only in the temperature range 190 to 260 **e| 
initiation of the growth is not straightforward and a Pt/Pd seed layer is needed [99,100]. Cu(thd)2 ai^ 
as many rare earth thd-chelates have been employed as precursors for doping ZnS or SrS based EL phospiSi 
films [101]. . ^^^1^ 

The adsorption of several transition metal thd-complexes on high surface area powders have been simk 
in detail [102]. In adsoption on oxide surface the thd-chelate undergoes an exchange reaction betwetfiljp 
surface OH groups. The number of metal atoms on the surface is a fiinction of the OH group concentiifi^ 
(calcination temperature) and the size of the molecule. There is one recent example of molecular adsoij^ 
of a P-diketonate chelate on silica surface, viz. Cr(acac)3 (Hacac = 2,4-pentanedione). The moleofi^ 
adsorption occurs only at a limited temperature range 160-200 **C, however [103]. 
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4,2.5 Cyclopentadienyi compounds 



Magnesium and few other cyclopentadienyi (Cp) compounds are knovw as oxide precursors in CVD. Also 
some metal films have been grown by CVD from the cyclopentadienyi compounds. In ALD the first repbrt 
on these precursors is that of Huang and Kitai [104] on MgO films. Our interest towards the Cp compounds 
stems from the need to find volatile compounds for the heavier alkaline earth metals capable to react wi4 
water to oxide at reasonable temperatures. Because the experiments with P-diketonates failed Cp 
compounds, though considered to be very sensitive to oxygen and moisture, were chosen. In practic^ 
however, these compounds turned out to be more stable than expected and could even be shortly expb^, 
to air. Not much attention has been paid on the growth of binary oxide (SrO, BaO) films but tao;^^ 
importantly ternary SrTiO, and BaTiOj compounds were grown with Ti alkoxide as a titanium source. Tw 
depositions on glass substrate follow the principles of ALD: the films are polycrystalline, the composiU^' 
can be aflfected by changing the pulse ratio of the metal precursors, thickness is uniform and depends lin^^t 
on the number of the growth cycles, and the conformality of the films is perfect [105]. Cp compounds for]^ 
a big family of precursors since the ligands can be varied by substitutions in the carbon 5 -ring, largening tB^ 
ring system (indene, fluorene) and by linking two ring systems together by a bridge. The potential of the (^j 
compounds as precursors for alkaline earth metals is still largely unknown. Metallocenes of the group, 
metals (Ti, Zr, Hf) are well-known in polyolefin catalysis and they are volatile compounds which react rea* 
with water. Thus, these are also potential ALD precursors for Ti02, Zr02 and HfOj films. M 
Sr((i-prop)3Cp)2 reacts also with HjS forming SrS film. The benefit of this precursor is that temperatur^- 
below 200 T can be used to fabricate crystalline films with high growth rales [106]. In luminescent EL filJ^|' 
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needed and when an organometallic precursor for the dopant is a necessity, the growth 

Cp precursors [83]. 

4 2.6 Carboxylato complexes 

S«„i.ion of ZnS nim, (1071 Z,„o '^^^l^■^^^Z^yZ^.J,^^ of ,he film i, high 



4.2, 7 Si lanes and germanes 

„^.e^sl,ionof^^„(^..»B»™^;)7"^*«-;^^^^ 

rfed. Spedal M«ion has been given 10 the °^t^"'^^,XV-tadiatioo 0, the™al 

Ae suAce d^ni^ry [To^S^S iidied b ALE using »o 

f;^^r»;r:hi^'^:^^^^ 

12,8 Others 

The. are fe» o.he, p,.e„r»,s no, n,.n,ioned above "t;:;::;.^.^'^^^^^^^^^ 

^,Kt:^r,r2gXnf^^^^^ 
rre,::::"n.':t;^^e'„^^,^vr,h^»'^^^^ 

5. FUTURE CHALLENGES 

The.a,eaMof-eogesanddeve,opn.^wo,k.obe*-Wo^^^^^ 
,a„d.p»i.io„.ed.«.logyforop.o.a„d »c™el«^^^^^^^^^^^ ^„ 

natural development recognizing '^^/^^'^^^^^^^ are obvious areas where the experiments with 

The areas where ALD precursor ^-eU.P^^^^^^^^ ^po a"^ ^^^-^^ -^^^ ^^^^^ ^"^^ 

chemicals available have not been ver/ successftiK v/z. HI v compo 
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precursor development is needed are at least: good reducers for reactions where oxidation statei^^ 
lowered, more efficient nitrogen source material than ammonia, new organometallic pr a^^" 
electropositive elements, stable volatile precursors for noble metals, and suitable reactant combinatiq 
metal film depositions. 
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ABSTRACT 



A composite comprising a monocrystalline substrate 
and one or more layers or films of monocrystalline 
rVA-VIA compounds and/or alloys formed thereon by 
a chemical vapor deposition process. The composite is 
formed at a preferred temperature range of approxi- 
mately 45O'-650' C. The IVA-VIA layer(s) are pro- 
duced by the pyrolysis of a gas mixture containing met- 
alorganic compounds. Where smgle crystal metallic 
oxide substrates of rhombohedral structure, such as 
sapphire, (a- AI2O3), or of cubic structure, such as mag- 
nesium aluminate (spinel), are used for the growth of 
monocrystalline lead-containing films such as 
Pbi-.;,Sn,Te, a nucleadon layer of lead is preferably 
formed on the substrate prior to the pyrolysis of the 
mixed gaseous reactants. 

Usmg the present process, epitaxial monocrystalline 
IVA-VIA compounds and/or alloys can be grown on 
inorganic metal oxide substrates, such as cubic and 
rhombohedral oxides, on alkali halides and ILA fluo- 
rides, and on II-VI and m-V compounds. The compo- 
sitions of the fihns can be varied without removing the 
composites from the deposition apparatus by changmg 
the ratio of the reactant gases and the reaction tempera- 
ture. The conductivity type (n-type or p-type) of the 
films also can be controlled without removing tiie com- 
posites from the deposition apparatus by varying the 
reactant gas compositions and by incorporatmg a dop- 
ant into the reactant mixtures prior to pyrolysis. 

15 Claims, 3 Drawing Figures 
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should be noted that these processes lead to slow 
METALORGANIC CHEMICAL VAPOR. growth rates on insulators, typically less than about 350 

DEPOSITION OF IVA VIA COMPOUNDS AND A/min. (0.035 micron/min.). This is particularly dis^d- 
COMPOSITE vantageous and impractical for applications where thick 

The invention described herein was made m the 5 films may be required, as in IR detectors. In addition, 
course of or under contract or subcontract thereimder the composition of the grown film may not be homoge- 
with the Department of the Army. neous, particularly for alloy growth, because the vapor 

This is a division, of application Ser. No. 523,599 filed pressures of the source materials are different at a given 
Nov. U, 1974, now abandoned. temperature and must be controlled carefully to pro- 

T* A rif aunTTTMn nv thp invention « * ^^^""^^ composition when two or three 

BACKGROUND OF THE INVENTION ^^^^^^ multi-temperatures are used. Also, the com- 

1. Field of the Invention position of the vapor may differ considerably from that 
This invention relates to the growth of IVA-VIA Qf the source during the evaporation process, since the 

compounds and, more particularly, to the growth of vapor may consist of elements together with com- 

composites comprising layers of IVA-VIA compounds 15 pounds having stoichiometry different from the source, 

and alloys on substrates. thereby resulting in deposits of non-stoichiometric com- 

2. Description of the Prior Art position. 

One application of IVA-VIA compounds is to mfra- ^ ^^^^ appreciated, it is highly desirable to 

red (IR) detectors. To date, various semiconductor ^ process which provides (1) a fast rate of growth 

materials have been used to form IR detectors, with the 20 ^ IVA-VIA compounds on substrates, (2) multilayer 

result that such detectors presently cover a wide range structures of different compositions and impurity 

of the IR spectrum. However, past efforts have been jg^^jg conductivity type without removing the 

concentrated on extrinsic semiconductors, rather thwi structures from the growth system and (3) large area 

intrinsic semiconductors, because of the highly ad- . fijjag of controUed compositions and stoichiometry. 

vanced technology for these materials, which is pnmar- 25 

ily the result of transistor technology. SUMMARY OF THE INVENTION 

While detectors formed from extrinsic semiconduc- invention concerns a composite compris- 

tors can exhibit high D* and high speed, they are gener- . monocrystalline layer or fihn of 

any lindted to operation at very low temperatu^^ compound or alloy, such as PbTe, 

Also, a rehitively large volume of detector material IS ^ ^n,Te, PbS, PbSe and SnTe. on a monocrystalline 

usually required m order to absprb s^^^^^^^^^ inorganic cubic or rhombohedral oxide substrate and a 

radiation for detection. In addiUon to the obvious re- ^ deposition process for forming both 

strictions on the mimtunzation of detector monocrystalUne aTpolycr^tolline composite!. The 

theaccompanymgsignalprocespgcirc^^ chemi<3l vapor deposition pK,cess utiUzes 

vo ume causes radiation hardemng problems. 35 ^^^"^^^^^^ IVA-containihg metSorginic 

In prmcipk, compoimd s«mc^^^^ ^m^nds and VIA-containing metdorganic ^m- 

which are used for most mtnnsic detectors, have all the vwi"t~»"«» - , , . • «„u^„*<. of*. 

advantages of the elemental (extrinsic) semiconductors POunds f ^yf"f^^^^^ 

and very few of the disadvantages, Pbi.xSn,Te Oead tin '^^'^ V ^ * u T 

of exceUent compound/alloy detectors for long wave- low; above about 550 "^^O C. 
lengtii IR. Lead tin teUuride, for example, has several usuaUy observed on substrates 8"ch as NaCl that w^e 
advWageous characteristics. Because of its direct en- not stable at these temperatures. If the film contams lead 
ergygap,leadtint(Blluridedoesnotrequiredimpurityto and the substrate^ ^pphire or magnesium alumina^e 
^foilLidentpLons, with the r^ult that &ere^^^ 45 (spinel), a layer of lead is preferably formed fi^^ 
additional 10*cm-3 available sites for capturing incident substrate by pyrolysts of a lead-contammg njeta^- 
signals. Satisfactory operation witii relatively thin de- orgamc compound, followed by pyrolysis of the VIA- 
t^tw^ films on the order of 10 lun thickness is tiius containmg compoimds and tiien by pyrolysis of appro- 
possible. Also, the composition of lead tin telluride can pnate mixtures of IVA- and VI A-containmg metalor- 
be altered for tuning to the desired portion of tiie IR 50 game compounds. . u • * 
spectrum. A composition of approximately PbasSnazTe ^ By varymg the deposition parameters, or by mtto- 
(;c = 0 2) is particularly useftil because junction-type ducmg impurities mto the gaseous atmosphere, the film 
photovoltaic detectors using fihns of tiiis composition . conductivity-type is controUed. Composites compnsmg 
provide peak response to infrared radiation in tiie 10-12 multilayer films are formed without removmg tiie com- 
Jtm region. 55 posite fnim the deposition system. 

Some growth techniques which have been used sue- BRIEF DESCRIPTION OF THE DRAWINGS 
cessfuUy for the formation of single crystal IVA-VIA . , . 

compounds and alloys on otiier rVA-VIA compounds nO. 1 is a partial, cross-sectional view of a 

and alloys have not been successfiilly appUed to hisulat- IVA-VIA composite embodying pnnciples of tiie pre- 

ing substrates. For example, liquid phase epitaxy (LPE) 60 sent invention. . ^ , 

has not been reported in tiie growtii of IVA-VIA com- FIG. 2 is a partial, cross-sectional view of an altema- 

pounds on insulators such as the alkali halides and oxide tive composite embodying princiles of the present in- 

msulators, presumably because of problems in properly vention comprising multilayer films of IVA-VIA com- 

nucleating the IVA-VIA material. Yet there are consid- pounds. 

erable reports of the use of evaporation and sputtering 65 FIG. 3 is a schematic diagram of a reactor system for 

for growmg IVA-VIA materials on hisulating halide forming IVA-VIA composites, such as those of FIGS, 

substrates. This area is reviewed by Hi M. Manasevit in 1 and 2, in accordance with the metiiod of tiie present 

/ Crystal Growth, vol. 22, pg. 125 et seq. (1974). It invention. 
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«^ „ «^ ^« * T.«»T.T3nn T3T^ The c nstituents are then transported through valves 

DETAILED r>ESCWraON OF 53 ^^/or 54 and. after proper mixing, through 

ENiBODIM^NT valve 62 to inlet line 24 and the reactor chamber 21. The 

Referring to FIG. 1, there is sh wn a cross-sectional spent reactant gases are exhausted fr m chamber 21 via 

view of a composite 10 which may be formed according S lines 25 and valve 63. 

to the method of the present invention. The composite Briefly, the process of forming composites 10 (FIG. 
comprises a monocrystalline layer or film 11 of com- i) having layers or films 11 of IVA-VIA compounds or 
pounds or alloys of groups IV A and yiA of the Peri-. alloys comprises the steps of 1) evacuating the reactor 
odic Table, such as PbS, PbTe, PbSe, Pbi.jtSnxTe and chamber 21; 2) filling and flushing the reactor chamber 
SnTe, epitaxiaily formed on a monocrystalline substrate; 10 with flowing hydrogen; 3) heating the pedestal 22 and 
12 such as a semiconductor material or insulative mate- pedestal-supported substrate 12 to the deposition tcm- 
rial. perature; 4) equilibrating the flow of gas from the bub- 
Referring now to FIG. 2, there is shown a cross-sec- tanks by connecting the appropriate tanks to ex- 
tional view of a multilayer composite 13 which cdso imiist (via valves 66, 67^ 68, 69 and 72) and bubbling 
may be grown according to the method of the present 15 hydrogen therethrough at a controlled rate to equili- 
invcntion. Typically, the composite 13 comprises the ^^^e the flows at a prcdctcnnined ratio; 5) directing 
substrate 12, an epitaxial monocrystalline layer oi* fihn reactant gases into the reactor chamber to form the film 
11 of lead tin telluride or lead teUuride, which is of one |VA-VIA compoimd or alloy; and 6) cooling the 
conductivity type (such as n-iype), formed on the sub- deposition composite to room temperature is hydrogen 
strate 12, and another epitaxial monocrystalline layer or 20 diverting the reactant gases torn the reactor. The 
fihn 14 of lead tin teUuride or PbTe of ^ opposite fonnation of a layer of lead on the substrates prior to 
conductivity type formed on the layer 22. The apphca- deposition per step 5 is an important part of the process 
tions for this multilayer composite 13 include infrared growing continuous^ monocrystalline, lead-contam- 
detcctors, as descnbed subsequently. ^ ing films 11, such as lead tcUuride and lead tin tcUuridc, 
It wiU > appreciated that where the rVA-VIA 25 ^i^s^jative oxide substrates, such as magnesium alumi- 
film(s) need not be monocrystalhne, the substrate 12 sapphire 

may be amorphous, such as glass or fused quartz, or ^^^^^ the reactor according to step 1. valve 55 

polyc^ystalhne. such as polycrystalhne alummum oxide. ^ ^ 2 j ^ 

Rcfernngnowtoma3,the«isJjow^^^^ TTic flow lines up to the valves of the bubbler tanks 31, 

r^r^entation of a 7^<>!jy«*5??J» ^ 32, 33 and/or 34 may also be comiected to vacuum and 

SS^fT^S^ .vacua^^ 

cally comprises a quartz reactoi^ chamber 21 containing pnor to mimg wiift tij. , . , 

TsiSS^v^ cSSSn p^tal 22 for supporting^ . ^^V^'f ^ l^.^ ^"^i^ 

substrate 12 (FIGS. 1 and2) and an RF hcitiSgb^U 23 35 by flowing ^^^It^gen fh^n. ^ 

which is connected to a power source (not shown). ^alve ^^^^ 

Although the dimensions aSe not critical, a chamber 21 ^ 
about6cmindiameterby40cminlengthhasbecnuscd 

successfUUy.Tlietcmpeitureofthe^tal22an^ ■ ^? ^^^'^^^l^i^^ 
substrate «ipported^€on may be measured by an 40 

infmed radiation thermometer (hot shown) wW^^ ture oftfie pedesta^^^M (rt^ 

control the power to the coil 23. Means (not shown) tol is bang brouj^t to *IS«**o^^^PfJ^,*^^ 

may be provided for rotating the substrate, as shown by drogoi ^ may be flowed throu^tl^ bubbler tjm^^^ 

the arrow, to promote uniform^d desqj^^^ 

The reactant gases which form Ae IVA-VIA com- 45 52, 53 and 54 (valves 6^ 67. 68 and 69 aj^ common 

pounds enter the reactor chamber 21 via inlet line 24. vacuum valve 70 arc dos^ to^«Jaust 

Lmc 25 is used to exhaust the chamber of spent and tiie flow? through yalyes 75 and 72 at a prcdctcn^ 

unused reactants and gases, and to coimect the chamber rat^o- The flpws may be contrpfled usi^g the valves 

to sources of vacuum wid air (not shown). The reactor associated with the flow meter assembly 39. _ 

system 20 uses stainless stedbubblCT tanks such as t^ According to stei> 5, a^ the p<^cstal 22.and jitob. 

31, 32 and 33 as needed for surt)lyihg the IVA-VIA ^ a^*« depoation tcmpOTture and the flow 

fihn constituents, and bubbler tanks such as tank 34 for rates have ban equilibrated^ valye SZ hppent^ yalve 

supplying conductivity-type determining impurities 75 is cloM and thi? gas reaetan 

(n-type or p^type dbparite). Alternatively, the dopants n»ctor chamber 21, It w^^ noted ttot.^c rwctant 

may be mtroduced in daute fonri from a tank 35 oou'- 53 gas« arc clainnde|*mto^^ 

taining the dopants and a carrier gas comp^ble witii . to entering the reactor chamb^. By chahnieliiig thfe 

the growth process, e-g., Hj or He, if such a dopant reactant ga9C» into the single; inlc^ Ib^ 24, the ^ises, 

mixture is available. which are mixed ex^dlaUy to the hM 

Palladium-purified hydrogen is used as the carrier gas ber can be IntrbdudBd shnultaneously mto the reactor, 

for the fihn constituents. The canier gas is flowed from 60 thereby precluding an tmdesirable premature reaction 

a source 37 through a liquid nitrogen cold trap 38 and of individuai reactants with the heated substrate^ Also, 

through an assembly 39 of valve*controlled flow me- the valves 66-69 permit mdiyidual setting of the gas 

ters. The purified hydrogen then can be directed at a . reactants prior to their mixing and mtroduction into the 

controlled rate through any or all of valves 41. 42, 43 reacti h chamber. Moreover, the valves 51-54 pennit 

and 44, respectively, (valves 81. 82. 83 and 84 bong 65 mtroduction of mdiyidual reactants prior to deposition 

closed) into bubbler tanks 31, 32, 33 and/or 34, thereby per step 5 to promote the gipowth of films on materials 

transportug tiie desired reactant constituents in the such iul sapphire and inagnesium aluminate. as discuraed 

bubblers through tank exit valves 46, 47, 48 and/or 49. preyi usly. 



TABLE I 


METALORGANIC COMPOXmOS USED IN 
: DEPOSITION OF IVA-VIA nLMS 


Compound 


Abbreviation 


Fonnulation 


TetrBmethyllead 
Tetraethyllead 
Tetiamethyltin 
Tetraethvltin 
. Dunethyltellutium 
Diethyltelhirium 
Trimetnylaatimony 


TMPb 
TEPb 
■ TMSn 
TESn 
DMTc 
DETe 
TMSb 


(CHp4Fb 
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After a predetermined deposition time inv Iving step In general.it can be expected that the process can be 

6, the resulting composite is allowed to ccwl by shutting ; used to produce IVA-VIA films on IVA-VIA sub- 

off power to the RF heating coil 23 after divertmg the strates which possess similar lattice parameters. See, 

reactant gases from the reactor chamber 21 and through e.g., the aboye-mentioned article in / Crystal Growth 

valves 66-69. 75 (with valve 62 closed), and 72. At the 5 authored, by^ one of the present inventors which is 

same time, hydrogen is still flowing through the reactor hereby incorporated by reference. The various metalor- 

chamber via valves 61, 78. and 63, thereby cooling the ganic compounds used for IVA-VIA fihn growth are 

sample in flowing carrier gas. Usted in Table I below. 

When the reactants and sources .of dopant are nor- 
mally gaseous at room temperature 6r are sufficiently 
volatile so that transport by a carrier gas may be consid- 
ered optional, step 4 of the process can involve equili- 
brating the flows of these reactants or sources of dop- 
ants supplied by tank 35 with the other reactants by 
connection to the flow system via valve 71. If it is pre- 
ferred that members of the reactant mixture meet in 
inlet line 24 of the reactor via separate lines, then the 
appropriate flows can be directed through valve 77 

after adjusting the flows using flowmeter valve 76 and ^ Hydrogen telluride (HiTe) is a suitable substitute for 

exhaus valve 73, which is closed immediately after DMTe as a source of Te. 

valve 71 or 77 is opened. At the end of the deposition, p^jjg FILMS/SAPPHIRE AND MAGNESIUM 

the valve positions are reversed m order to remove ALUMINATE (SPINEL) SUBSTRATES 

(exclude) the reactant gases fjrom the reactor, Here, tetraethyllead, TePb, and dimethyltellurium, 

FIG. 3 is used for purposes of illustration and instruc- 25 DMTe, were used as Uie source of Pb and Te, respec- 

tion as to technique. Modifications in the design are tively, in the stainless steel bubbler tanks 31 and 33. 

within the capabilities of those skilled in the area of Polished, (0001)-oriented sapphire and polished, (111> 

chemical vi^or deposition. oriented magnesium aluminate were used as substrates 

SUBSTRATES After evacuating the reactor chamber 21 (step 1) and 

The Group II fluorides, particularly BaF2, are of filling the reactor chamber with hydrogen flowing at 

considerable interest as substrates for IVA-VIA com- approximately 10 liters per minute (1 pm), (step 2), the 

pounds because their thermal expaoysions approximate pedestal 22 was heated by the RF coil 23 to within the 

those of the IVA-VIA compounds, and because they desired deposition temperature range of approximately 

arc essentially transparent to 10-12 ^m radiation in thin 35 450'-650'' C, Hydrogen flow rates of approximately one 

wafer form. BaFa considered an excellent substrate for 1pm through the TEPb and 25-75 ccpm through the 

IVA-VIA IR detectors at these wavelengths. Also, the DMTe were used. 

insulative metaUic oxides sapphire, magnesium oxide To promote rapid growth of continuous, monocrys- 

(MgO), and magnesium alummate have properties talline PbTe films 11 (FIG. 1) on the sapphire and mag- 
which make them of mterest as substrates for IVA-VL\ 40 nesium aluminate substrates 12. the substrate was nucle- 

compounds which can be used as detectors m the 3-5 ated with a thin deposit of lead pnor to the onset of 

Kmrange.Forexamplc,exceptforMgO,theyaremQre PbTe deposition. TypicaUy, this was achieved within 

Ttablelan fluorides in the atmospheres used for the ***^P^'l^f^i3~^^°^^^^ 

nf fhp^ fsimc mately 45O'-650 pnor to step 5 (or as an mitial substep 

growuioiincimns. - r «f 45 of step 5) by l)introducmg TEPb alone into the reactor 

ctoved (lll)K)nented >^«s^ introducing Dm^e alone into the reaction cham- 

a^thou^somepohshedBaF^su^^^^ ber, and 3) followed by the reintroduction of TEPb 

tion and (100) onentebon which were Prepared from tog'ether w^th the DMTe into chamber 21, according to 

(111) oriented crystal ingots were successfiilly used for ^ * 

monocrystalline fihn growth. The (lll>oriented BaFj j^^;^ specifically, valves 51 and 62 were opened and 

end CaFjcrystalmgots were typicaUy about one mdb ^ ^^^^ ^ ^^^^^ ^^^^ the TEPb 

d[iameter and up to one mchm length and were used to during flow equih^ration (step 4), was closed, in order 

form substrates of about 0.020 to 0.030 inch thickness. ^ ^jq^^ reactor chamber 21. As 
In addition to the above, single crystal alkaH halides, 53 mentioned previously, a hydrogen carrier gas flow rate 

represented by NaCl, H-VI compounds, represented by ^^^^ jpj^ ^^s used for the TEPb. After about one 

CdTe, ni-V compounds, represented by GaAs, and rinii\xt& at this flow rate, sufficient Pb growth occurred 

rV-VI compounds, represented by PbTe, were used as form a Pb deposit. Next valve 66 was opened to 

substrates for the epitaxial growth of the IV-VI com- direct the TEPb to exhaust and valve 51 was closed, 
pounds. The alkali halides were cleaved just prior to 50 Valve 53 was then opened to introdiice DMTe into the 

use; the CdTe was a smgle crystal fUm grown on a reactor through valve 62 with valve 68 closed. The 

sapphire (a-AljO^ substrate; and the GaAs were (100) DMTe converts Pb to PbTe and/or provides a tellu- 

and (lll)-oriented single crystal substrates, which were rium rich atmosphere. A hydrogen flow rate through 

polished by chemical-mechanical means, and as-grown the DMTe of about 45 ccpm was used. After about five 
(lll)-oriented films on sapphire. PbTe substrates (see 65 minutes of DMTe flow, TEPb was reintroduced hito 

Table II, composite type nos. 12 and 13) were polished the reactor chamber in the carrier gas in the presence of 

by chemical-mechanical means and were riented to DMTe (step ^ and PbTe was formed in the presence of 

expose a (100) plane. the Te rich atmosphere. 
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TABLE II 



CRYSTALLOGRAPHIC RELATIONSHIPS, 
IV A- VIA FILMS AND SUBSTRATES 



COMPOSITE SUBSTRATE 
TYPE NO. PLANE 



PARALLEL 
PLANES 



PARALLEL 
DIRECTIONS 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 



(OOODa-AliO, 

inn M2AIP4 
in) B^ (cleaved) 
100) Nad 
100) MgO 
0001) a-Al^Oj 
111) BaF2 (cleaved) 
(llOCaFi 
(OOOi) a-AljO) 
(111) BaR 
(lll)C:al^ 
(100) PbTe 
(100) PbTe 



(111) PbTe // (0001) AljO, 
(111) PbTe //(1 11) MgAljO 
(111) PbTe// (111) Bi^ 
(100) PbTe// (100) Nad 
hoO) PbTe// (100) MgO 
(111) PbS // (0001) AI2O3 
I PbS //(111) BaF, 



|PbSe//(0001)A£o, 

fPbSc//(ni)BaF2 

|PbSe//(ni)CaF, 

f PbTe// (100) PbTe 

► PbgaSngaTe// (100) PbTe 




After the film 12 of PbTe was deposited, the gas 
reactant mixture was diverted from the reactor cham- 
ber 21 and the sample was cooled in hydrogen flowing 
at about one 1pm (step 6). 20 

The PbTe films were grown to about 5 ^m thickness 
on the sapphire and magnesium aluminate substrates. 
The films were determined to be monocrystalline using 
x-ray analysis. The crystallographic relationships be- 
tween the PbTe films and aumina and spinel substrates 25 
are summarized in Table 11, under composite type num- 
bers 1 and 2. Growth parameters are summarized in 
Table III, also under composite type numbers 1 and 2. 

PbTE FILMS/BaFa SUBSTRATES 

PbTe fihns were grown on single crystal BaFj sub- 
strates usmg TEPb or TMPb and DMTe as the reac- 
tants. Some substrates were used as-cleaved, without 
polishing. 



30 



Monocrystalline film growth on the cleaved, (111)- 
oriented Baf2 substrates was achieved usmg TEPb as the 
source of Pb at prcdcstal temperatures of 450*-6(Kr C. 
Specifically, temperatures of 450, 5(X), 560, 575 and 600* 
C were utilized. Somewhat higher temperatures can 
also be expected to be consistent with single crystal 
growth. Also, the range of 500'-W)* C provided a 
growth rate (0.08 fim/min. or 5 fun/hr. for the stated 
parameters) which was approximately twice that 
achieved at 450* C. 

The PbTe fihns were grown to a thickness of approx- 
imately 5 microns. X-ray diffraction measurements 
showed the PbTe films were monocrystalline. The film- 
substrate crystallogr^hic relations for PbTe fihns 
grown on the cleaved, (lll)-oriented BaFjare indicated 
in Table n under composite type no. 3. The growth 
parameters described above are summarized in Table 
in under composite type no. 3A. 



35 
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Similar results were , obtained using TMPb as the * stratcs which are suitable for PbTc growth. Thus, using 
source of Pb, as shown below, except that growth rates similar conditions and, of course, a source of tine, such 
could be increased considerably. as TESn, lead tin telluride can be grown on the above- 

The. metal rganic CVD process of the present inven- described substrates, 
tion was used successfully to vary the c nductivity 5 „ « a xttmjuc- m 

type. That is, both n- and p-typc PbTe films were ^^^^ 
formed on cleaved (111) BaF: substrates. Here, TMPb The method of the present invention was also used to 
and DMTe were the sources of lead and tellurium. In form mpnocrystalline, continuous films of PbS and 
these examples, the n-type and p-type films were ob- PbSe on polished (0001) AljOa, cleaved (111) BaFi, and 
tained by varying the TMPb to DMTe ratio. See Table 10 cleaved (111) CaFj substrates using a 550* C deposition 
III, composite type no's. 3B-3B. For composite type temperature, the Group VIA source was HjS and 
no. 3D, hydrogen flow rates of 200 ccpm through the ^ H2Se. The crystallographic relationships for the 
TMPb and 75 ccpm through the DMTe gave a PbS/(0001) AlaOs. J PbS/(lil)BaF^ Pbs/(Ul)CaF2, 
TMPbrDMTe flow rate ratio ofabout 3:1, and provided PbSe/(0001)Al2O3, PbSc/(lll)BaFa and PbSc/(lll- 
a high fllm growth rate of about 32 microns per hour IS )CaF3 film-substrate composites are listed in Table 11, 
and a very high quality, monocrystalline n-type (pre- under composite type no's. 6-11, respectively. The 
sumably metal rich) PbTe film. However, fot high growth parameters are listed in Table III under com* 
TMPb concentrations and low DMTe concentrations, posite type no's 6-11. 

p-type films were formed, perhaps due to a high defect Referring to Table III, the PbS fihns for composite 
structure. Thus, composite type no. 3E was p-type, 20 types 6-8, and the PbSe fibns for composite types 9-11 
when the DMTe flow was lowered from 75 to 35 ccpm. were formed from TMPb and, respectively, H2S and 
Varying the ratios of TEPb and DMTe pan thus be - HiSe. The HjS and HiSe were supplied from tank 35, 
expected to yield h- and p-type films with controllable which is connected to the reactor system through 
properties. valves 76 and 77 or 76, 71 and 62. Valve 73 or 75 is used 

N-type on p-type and p-type on n-type multilayer 25 to equilibrate the flows from tank 35 prior to introduc- 
films and junctions were formed by varyinigr the ratios of tion into line 24 and reactor 21. Valve 75 is also used in 
the Qroup IVA and VIA reactants. mixing the H^S or HiSe. (a carrier gas is optional) from 

«t-^ ^1 oTT^o^ A TOO t**^ ^ wi*^ carrier gas-transported reactants from 

PbTe FILMS/NaCl SUBSTRATES the bubbler tanks prior to entry into the reactor cham- 

The method and metalorganic constituents used for 30 ber 21 (step 5). 
the formation of PbTe films on BaFa substrates were When the substrate is stable to the. Group VIA reac- 
used to form monocrystalline PbTe films on (100)-ori- tants at the growth temperature and the product of 
ented NaCl substrates. Here, deposition was attempted decomposition does clot form a depoat on or react with 
and achieved at temperatures in the range of. 5Q0*-625* the substrate surface, the Group VIA reactant can be 
C. The crystallographic relationships of the PbTe films 35 introduced into the reactor prior to the introduction of 
and NaCl substrates are listed in Table n under compos- the Group IVA reactants. For example, reaction of 
ite type no. 4. Growth parameters are listed in Table III, BaPj with DMTe precluded introduc ing D MTe into 
also under composite type no. 4, for samples grown the reactor prior to the introdaction of TEPb or TMPb 
within the approximate range S00*-550* C This range and inixing of the reactant gases external to the reactor 
produced better quality films on NaCl than higher tem* 40 was, therefore, required. In the case of the Group VIA 
peratures. The NaCl substrates appeared to be unstable hydrides, luunely H2S and HaSe, which did not appw 
at higher temperatures. to react with BaFa, it was sufficient to introduce the 

m Kcc/ia-ri CTmerD atcq containmg reactants tither singly or together into 

PbTe FILMS/MgO SUBSTRATES the reactor prior to the introduction of the metaUor- 

The method and metalorganic constituents used for 45 ganic Pb and/or Sn compounds. Referring to FIG. 3« in 
the formation of FbTe/BaF2 and PbTe/KaCl compos- the latter case, the Group VIA component would pass 
ites were also used to form monocrystalline PbTe films through valve 77 izito reactor 21 prior to the admittance 
on MgO substrates. The crysiallogi^phic relationships . of the Group TVA c6ini>onent(s) throufi^>dve 62. 
and growth parameteris are lifted in Table II and III It will t>e appredaied by those skilled in the art that 
under composite type no. 5. As was true for PbTc/naCl 50 pyrolysis of mixtures of the hydrides of S and Sc with 
composites, better quality fihns were produced within the Orpup IVA components will form Group IVA-* 
the range 500*-550* C than at higher temperatures. Sr_;cS^compotmds such ia PbSi«j|Seior $n 

Similar results can be expected when TMPb is used as i>K c„ -r^ mr i^</r-w 

a substitute for TEPb. . Pb,-;^n,Te FnJ^S/^a S13STRATES 

PbTe FILMS/GaAs, GaAs-on-Al203 and CdTe-on- 55 Lead tin telluride fiinus were; grown on cleaved, (111> 

AljOs SUBSTRATES oriented BaF2 substrates at depiosition teniperatures of 

The method and metalorganic constituents used for 55b*-62iSV C using essentially the ,1^ telluride^- 

the formation of PbTe films on BaFj and NaCl sub- barium flubride deposition miethbd with the added film 

strates were used to form epitaxial PbTe films on pol- constituent —tin— being supplied by TESn from statn- 
ished (100) and (lll)-oriented GaAs substrates, on (111) 60 less steel bubbler tank 32. Fihn growth of compositton x 

GaAs films grown on (0001) AI2O3; and on (111) CdTe 0 to x - 0.2 was fushieved for hydrogen flow rates 

films grown on (1126) A1203- Typical fiow rates of through the TESn of up to 2000 oqpm. (As the hydro- 

50-200 ccpm for TMfb and 75-100 ccpm for DMTe . gen fiow rate through the TESn is decreased to zero, 

were used at growth temperatures f 500 and 625* C to ; the film composition approaches that of lead telluride). 

form films which were very highly rdered with re- isS ' Using a hyc^gen flow rate of 25 ccpm through the 

spect to the underlying substrate. Because lead telluride ' DMTe and 1000 ccpm through the TEPb, the desired 

(PbTe) is representative of lead tin tellurid - ^mpo3ition. for detector, devices, PbpjSn<u 

(Pbi.jcSn;rTe), lead tin telluride can be grown on sub- ' 0.2, was closely approximated over a wide rang f 
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hydrogen flow rates (approximately 750-2000 cq>ni) have coefficients of apjproximately 18 X 10 -V* C and 

through the TESn. Precisely the desired composition 27 X 10-*^ C, respectively. However, despite the exis- 

was achieved for hydrogen flow rates through the tence of stress, Pbo.8Sna2Te films 100 microns thick 

TESn of 850 and 900 ccpm. Growth rates using the were grown on BaF2 substrates without evidence of 
temperature range 550M 4 625" C and the range of hy- S cracking. Such composites may be useful as strain 

drogen flow rates of 750-2000 ccpm were aproximatcly gauges, etc. 

T^to 8 microns per hour. See Table HI, composite type ^^^^^^ ^^^^ER Pb,.^n,Te FILMS/BaF. 

Lead tin teUuride films were also grown using TMSn SUBSTRATES 
in place of TESn. However, the TMSn was considera- 10 Referring now to FIG. 2 using a cleaved, (lll)-ori- 
bly less efficient than TESn for the deposition tenipera- ented BaF2 substrate 12, a first, undoped p-type layer 11 
ture used, 550"-600* C. of Pba8Sno.2Te was epitaxially formed on the substrate, 

Referring to Table III, composite type No. 3G, then a second PbcsSno^Te layer 14 doped with Sb was 
growth rates of about 7-23 pim/hr. were obtained over grown on the first layer. Both layers were formed using 
the temperature range S50"-625" C using TMFb in 15 the method of the present invention, as described previ- 
place of TEPb, for a DMTe flow rate of 75-150 ccpm, ously. The double layer, Pbo.8Sna2Te fiIm-BaF2 sub- 
a TESn flow rate of 3000 ccpm, and a TMPB flow rate strate composite 13 was processed into a mesa diode 
of approximately 50 ccpm. Growth rates increased with (not shown) by standard photolithographic techniques, 
temperatures in the range 550''-625'' C However, at the Ohmic contact was provided by vacuum deposition of a 
higher temperatures, the. value of x increased. To con- 20 one micron thick film of Sn on the surface of the upper 
trol the film composition to x = 0.2 at 625** C it was layer 14. An infrared photovoltaic effect of about 25 mv 
necessary to use a TESn flow rate of about 2000 ccpm, was observed at 77* K. 
indicated below. ^ .... pjT wc 

For hydrogen flow rates through the respective reac- on- v ia rij^j^io 

tants TMPb, TESn and DMTe of 50. 2000 and 75 ccpm 25 The reaction of TESn with DMTe, H2S and H2S was 
and a pedestal temperature of 625* C, a film of composi- used to form Sn-VIA compound films. For each film, 
tion Pbo.8oSno^Te was grown to a thickness of approxi- the new H2 flow through the TESn was kept constant at 
mately 15 micron at a growth rate of about 23 micron 2000 ccpm. The flow through DMTe and the H2S and 
per hour on (111) BaF} substrates. The film possessed H2Se flows were arbitrarily set at 75 ccpm, ^^25 ccpm, 
excellent electrical properties at room temperatures: 30 and ^50 ccpm, respectively. 

resistivity was approximtdy 0.0014 ohm-cm; hole con- Within the temperature range --500''-650' C, or- 
centratiott was 9.5 X 10»«cm-5; mobility was about 470 dered growth of SnTe was obtained on the substrates 
cmW-sec; and the band-gap energy was about 0.23 eV. examined, cleaved (111) BaFi and polished (100) PbTe. 

Sawed and polished (111) BaF^ wafers were also used Considerable trigonal structure usually associated with 
as substrates. The appearance of lead tin telluride films 35 (111) growth was obtained on the BaF2, particularly 
grown on polished BaFa substrates was inferior to those near the edges of the substrate. Growth on (100) PbTe 
grown on freshly cleaved BaF2, but the electrical prop- produced a large array of islands oriented with respect 
erties were essentially the same. to each other and the substrate. Large crystallites with 

Using the foregoing informtion, those skilled in the parallel faces and, in some cases prominant hollow cen- 
art will achieve fihn compositions within the range 0 ^ 40 ters grew at the edges of the PbTe substrates under 
X = 0.5. these less-than-optimum growth conditions. 

,r.«,„^ « ^ S and Se chalcogenides of tin were grown over the 

VARIED CONDUCnWip-TVP Pb,_^n,Te deposition temper^e range of ^500--575* C. Above 
^^^^ 575* C, eg. at 600* C, fibn quahty decreased. The VIA ' 

The conductivity type of lead tin telluride films was 45 constituents S and Se were provided by H2S and H2Se, 
changed by varying the DMTe flow rate and growth respectively, usmg arbitrarily-chosen flow rates of '-25 
temperature. As shown by the datain Table III, alkyl and ~50 ccpm, respectively. 

antimony compounds such as TMSb can also be used as The nature of the growth of the S and Se chalcogen- 
a source of n-type doping unpurity to vary the conduc- ides of Sn, which possess an orthorhombic structure, 
tivity type of lead tin telluride. Referring to FIG. 3, 50 was not like that of cubic SnTe. Tinsulfide films, -r3^m 
TMSb was stored at — 78* C in the stainless steel bub- thick, grown at 550' C shnultaneously on cleaved BaF2 
bier tank 34. Hydrogen was used to transport the TMSb and <PaF2 tended to peel from the BaF2 but adhered to 
for mixing with the other reactants externally to the the CaF2* At 500* C tin sdenide grew as crystallites on 
reactor chamber 2L BaF2. An orienting influence of the substrate was sug- 

As shown by composite nos. 3H-3L in Table HI, 55 gested by the parallelism and 60 degree symmetry dis- 
increasing the TMSb flow rate changes the film from played by many of the crystallites. In the early growth 
p-type to n-type. The TMSb flow rate at which this stages the films possessed a yellow-orange color; 
type change occurs is dependent upon the other param- thicker films were grey. Crystdlite growth of both 
eters, such as TMPb, TESn and DMTe flow rates and compounds was obtained on (0001) A1203. 
film growth temperature. Table III indicates the film 60 Continuous film growth of the tm-VIA compounds 
composition can be closely controlled and that electri- on sapphire can be expected if the surface is nucleated 
cal properties for the p-type and n-type films are gener- with Sn prior to the growth of the tin- VIA compounds, 
ally excellent. \BS previously described for PbTe growth on sapphire 

Considerable tensile stress was present m PbTe and and magnesium alummate. 
Pbi.xSnxTe films grown on BaF} substrates, mainly 65 Thus, there has been described a method f growing 
because of the large difference between the thermal IV A- VIA films on insulative and semiconducting sub- 
expansion coefficients of the film materials and the strates. Examples of the method of growth, of the film- 
BaF2 substrate material. To illustrate, BaF2 and PbTe substrate composites formed thereby, and of applica- 
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tionsf r the composites have been described. . Howe ver» 
the scope of the invention is limited only by thp ap- 
pended claims. 

Having thus described a preferred embodiment, what 
is claimed is: 

1. A method f r forming a layer of Or up IVA-VIA 
material on an amorphous substrate of glass or fused 
quartz or a monocrystaUine or a polycrystalline sub- 
strate selected from the group consisting of Group lA - 
Group VIA compounds, Group II - Group VI com- 
pounds Group IIA- Fluorides, Group IIIA - Group VA 
compounds and Group IV • Group VI compounds, a- 
AljOj and MgAl204> comprising the steps of: 

establising a heated deiK>sition zone at a temperature 

within the range 400*-700* C and encompassing a 

deposition surface of said substrate; 
forming a gaseous mixture of metalorganic I VA-con- 

talning and VIA-containing components; and 
pyrolyzing said mixture within said heated dq)Osition 

zone. 

2. A method for forming a layer of Group IVA-VIA 
material on a substrate as defined in claim 1 wherein: 

the layer of IVA-VIA material is a monocrystaUine 
layer of PbS or PbSe; 

the Group VIA containing component is selected 
from H2S or HzSc; and, 

the Group VIA-containing component is introduced 
into the heated deposition zone prior to introduc- 
tion of the Group IVA-containing component. 

3. A method for forming a layer of Group IVA-VIA 
material on a substrate as defined in claim 1, wherein the 
substrate is a monocrystaUine Group lA-VQA mate- 
rial. 

4. A method for forming a layer of Group IVA-VIA 
material on a substrate as defined in claim 1, wherein the 
substrate is a monocrystaUine Group IIA-fluoride mate- 
rial. 

5. A method for forming a layer of Group IVA-VIA 
semiconductor on a substrkte as defined in claim 1, 40 
wherein the substrate and layer are monocrystaUine, the 
group IVA-VIA material is selected firom lead teUuride 
and lead tin teUuride, and the substrate is selected from 
a-AItOi and magnesium aluminate, the method fiuther 
comprising the step of forming a layer of Pb on the 45 
deposition surface of the substrate prior to the forma- 
tion of lead teUuride or lead tin teUuride. 

6. The method for forming a layer of Group 
IVA-VIA semiconductor materiid on a substrate as 
defined in claim 1, wherein the Group IVA-VIA inate- 50 
rial is a tin-VIA material and the uibstrate is selected 
from a-AlsQi and magnesium aluminate thevinethod 
further comprising the step of fdrming a layer of tm on 
the deposition surface of the substrate prior to the for- 
mation of the tin-VIA material. 55 
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. 7. The method defined in claim 6 wherein the VIA 
constituent f the tin-VIA material is at least ne ele- 
ment selected from the group c nsisting of sulfide, sele- 
nide and teUuride; 

8. A method for epitaxiaUy forming at least one 
monocrystaUine layer f IVA-VIA semiconductor ma- 
terial on a deposition surface of a monocrystaUine sub- 
strate selected from the group consistmg of Group lA - 
Group VIA compounds Group II - Group VI com- 
pounds. Group IIA - Fluorides, Group IIIA - Group 
VA compounds and Group IV - Group VI compounds, 
a-. AI2O ) and MgAi304, said IVA constituent being 
selected from Pb and Sn and said via constituent bemg 
selected from S, Se and Te, the method comprising the 
step of: 

establishing a heated, deposition zone at a tempera- 
ture within the range 450* - 650* C and encompass- 
ing, the deposition surface of the substrate: 

forming a gaseous mixture of IVA-containing com- 

. pounds selected from the group consisting of tetra- 
. ethyUead, tetramethyllead, tetramethylttn, tetra- 
ethyltin, and of VIA-containaing compounds se- 
lected from the group consisting of dimethyltd- 
lurium, HiTe, dlethylteUurium, hydrogen sulfide, 
and hydrogen selenid^ and 

pyrolyzng said gaseous mixture within said deposi- 
.tion zone. \ 

9. A method for epitaxiaUy forming at least one 
monocrystaUine layer of IVA-VIA semiconductor ma- 
terial on a deposition surface of a monocrystaUine sub- 
strate as defined in claim 8, whorein the VIA-contaming 
compound is hydrogen sulfide or hydrogen selenide and 
is introduced into the depcwttion zone prior to the intro- 
duction of the IVA*containiiig compound. 

10. 'The method d^efined in claim 8, further compris- 
ing &e steps of; 

varying the ratio of said IVA-containing and VIA- 
containing compounds in said mixture to form lay- 
ers of different coiiq)C»itions; and 

selectively , introducing conductivity-type determin- 
ing impurities into said gaseous mixture. 

11. The method defined in claim 10 wherein the con- 
ductivity-type determining impurity is Sb and is sup- 
pUed by a metalorganic alkyl compound of Sb. 

12. The^ method defined in claim 10 wherein the 
monocrysUdline substmte is selected from the grov|> 
consisting of 0roi^> lA-VIIA, Group IIA-fluoiide, 
Group niA-VA, and Group tlB-yiA materials. 

13.. The method recited in claim 1 wliereih said sub- 
strate is monocrystaUine. 

14. TKe mfUiod redted.in claim 1 wherein said sub- 
strate is polycrystallme. 

15. T)ie method repiteid in claim 1 wherein ^d sub- 
strate is amorphous. 
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Dear Sir: 

Applicant, in the above-captioned patent application, appeals the final rejection of 
Claims 1-33. This appeal is proper under 35 U.S.C. §134 and 37 C.F.R. § 191(a). 

This appeal brief is filed in triplicate. A check in the amount of $330 is included to cover 
the fee for filing the appeal brief pursuant to 37 C.F.R. § 1.17(c). Please charge any additional fees 
which may be required to Deposit Account No. 1 1-1410. 

L STATEMENT OF INTEREST 

Pursuant to 37 C.F.R. § 1.192(c)(1), AppUcant hereby notifies the Board of Patent Appeals 
and Interferences that ASM International N.V., a Netherlands corporation with its principle place 
of business at Jan van Eycklaan 10 3723 BC Bilthoven, THE NETHERLANDS, has acquired the 
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entire right, title and interest to the above-captioned patent application by virtue of an assignment 
from ASM Microchemistry OY, a Finnish corporation having offices at Kutojantie 2B, 02630 
Espoo, Finland. A copy of this assignment executed on November 26, 2003 and recorded on 
December 17, 2003 is provided in the Appendix B. ASM Microchemistry OY obained the entire 
right, title and interest to the above-captioned patent apphcation by virtue of an assignment from 
the inventors. That assignment is recorded in the U.S. Patent and Trademark Office at Reel/Frame 
012029/0763. 

n. RELATED APPEALS AND INTERFERENCES 
Pursuant to 37 C.F.R. § 1.1 92(c)(2), Applicant hereby notifies the Board of Patent Appeals 
and Interferences that Applicant, Applicant's legal representative, and ASM International N.V., , 
are unaware of any appeals or interferences that will directly affect, or will be directly affected by, 
or have any bearing on the Board's decision m the pending appeal. 

m. STATUS OF THE CLAIMS AND AMENDMENTS 
Claims 1-33 are pending. 

Claims 34-67 have been canceled in an amendment filed in a separate paper. 
Claims 1-33 stand rejected under 35 U.S.C. § 103(a) upon the grounds set forth in the Final 
Office Action. 

Claims 1-33 are the subject of this appeal. 

In accordance with 37 C.F.R. § 1.192(c)(9), a copy of the claims involved in the appeal are 
contained in the Appendix (Appendix A) attached hereto. 

IV. SUMMARY OF THE INVENTION 

In the atomic layer deposition (ALD) technique, one or two or more different reactants are 
sequentially and/or ahematingly supplied to a reaction chamber in a pulse-wise manner. The 
reactants are supplied to the reaction chamber in the vapor state or in the gaseous state. 



Furthermore, the reactants used in ALD are typically mutually very reactive, even at room 
temperature. Therefore two or more reactants or subsequent pulses of the same reactant used in 
ALD should be kept well separated and supplied to the reactor strictly sequentially. 

Accordingly, an embodiment of the present invention relates to a method for growing thin 
films onto a surface of a substrate by exposing the substrate to altemately repeated surface 
reactions of vapor-phase reactants. The method comprises providing a first reactant source and 
providing an inactive gas source. A first reactant is fed fi-om the first reactant source in the form of 
repeated pulses to a reaction chamber via a first conduit. The first reactant is allowed to react with 
the surface of the substrate in the reaction chamber. Inactive gas is fed fi"om the inactive gas 
source into the first conduit via a second conduit that is connected to the first conduit at a first 
connection point so as to create a gas phase barrier between the repeated pulses of the first reactant 
entering the reaction chamber. The inactive gas is withdrawn fi-om the first conduit via a third 
conduit connected to the first conduit at a second connection point. 

This embodiment provides a novel method for forming a gas phase barrier between 
repeated pulses of the first reactant. Specifically, through switching of an inert gas flow, the 
reactant vapor flow is altematingly: (i) directed to the reaction chamber by an inert gas flow firom 
the source container towards the reaction chamber and then (ii) prevented fi"om flowing fi"om the 
source container to the reaction chamber by an inert gas flow in a reverse direction in a part of the 
conduit connecting the source container and the reaction chamber. For embodiments that utilize 
more than one reactant, this embodiment also provides a gas phase barrier between pulses of a first 
reactant and a second reactant. In such embodiments, strict separation of two mutually reactive 
reactants, as required in ALD, can be achieved in a reliable way. One advantage of these method 
is that the switching valves may be configured such that they are only exposed to inert gas and not 
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to aggressive reactants that could corrode the valves. Furthermore, the valves can be installed 
outside the reactor's hot zone without a risk of condensing low vapor pressure reactant. 

With reference to a specific embodiment of the invention, which is described in the 
Specification at page 14, line 9 to page 15, line 26 and illustrated in Figure 2, a first reactant source 
24 and an inactive gas source 29 are provided. Page 14, lines 14-17. A first reactant is fed from 
the first reactant source 34 in the form of repeated pulses to a reaction chamber 27 via a first 
conduit 34. Page 14, line 18 to Page 15, line 13. The first reactant is allowed to react with the 
surface of the substrate in the reaction chamber 27. Id, Inactive gas is fed from the inactive gas 
source 21 into the first conduit 34 via a second conduit that is connected to the first conduit at a 
first connection point so as to create a gas phase barrier (See Figure 2 in Appendix B) between the 
repeated alternating pulses of the first reactant entering the reaction chamber 27. Id. The inactive 
gas is withdrawn from said first conduit via a third conduit 33 connected to the first conduit 34 at a 
second connection point. Id, 

In another embodiment, which is described in the Specification at page 11, line 23 to 
page 13, line 20 and illustrated in Figure 1, the first reactant pulses that are separated from one 
another may be altemated with similar pulses of a second reactant. 



V. ISSUE PRESENTED ON APPEAL 
The following issue is presented: Whether the combination of Leskela et al. (M. Leskela 
et. al., "Synthesis of oxide thin films and overlayers by atomic layer epitaxy for advanced 
applications," Materials Science and Engineering Vol. B41 (1996), pages 23-29) in view of 
Manasevit et al. (U.S. Patent No. 4,066,481) was properly used to reject Claims 1-33 under 35 
U.S.C. § 103. 

VI. GROUPING OF THE CLAIMS 

For the purposes of this appeal only, all of the appealed claims stand or fall together so as 
to simplify and narrow the issues on appeal. While the patentability of each claim will not be 
discussed individually, each claim does present distinct issues of patentabiUty and Applicant 
respectfully reserves the right to separating argue in future continuing applications. 

Group 1: Claims 1-33 

Vn. DISCUSSION OF THE REFERENCES RELIED UPON BY THE EXAMINER 
In rejecting the claims, the Examiner reUed upon the following references: 
Leskela et al.. (M. Leskela et. al. "Synthesis of oxide thin films and overlayers by atomic layer 
epitaxy for advanced appUcations," Materials Science and Engineering Vol. B41 (1996). pages 
23-29) (Appendix C) 

Leskela et al. provides an overview of atomic layer deposition ("ALD") chemistry. 
Leskela et al. is divided into five sections. In the first section (i.e., the Introduction), Leskela et al. 
provided an overview of the altemately pulsed reaction sequence that is common in ALD. In this 
sequence, "[gjaseous precursors are introduced one at a time to the substrate surface and between 
pulses the reactor is purged with an inert gas or evacuated. In the first reaction step, the precursor 
is saturatively chemisorbed at the substrate surface and during subsequent purging the excess 
precursor is removed fi-om the reactor. In the second step the other precursor is introduced on the 
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substrate and the desired film growth takes place. After that the reaction byproducts and the 
precursor excess are purged out fi-om the reactor." Page 837. In the second section, Leskela et al. 
described the basic requirements of ALD precursors, which include volatility and sufficient vapor 
pressure. See pages 837-838. In the third section, Leskela et al. described precursor combinations 
and the surface as a reactant. In the fourth section, Leskela et al. described the chemistry of several 
non-metal and metal precursors. In the final section, Leskela et al. outlined fixture challenges in 
ALD, which included ALD precursor development. 

Thus, Leskela et al. is relied upon for teaching standard ALD sequences including inert gas 
purges steps between reactant pulses. 
Manasevit et al.dJ.S. Patent No. 4,066,481) (Appendix D) 

With reference to Figure 3, Manasevit et al. disclosed a reactor system 20, which may be 
used to epitaxially form a multilayer composite 13. Col. 3, lines 29-30. The system 20 includes a 
reactor chamber 21. The reactant gases enter the reactor chamber 21 via an inlet line 24. Col 3, 
lines 46-46. The system 20 uses bubbler tanks 31, 32, 33 to supply reactants to the reactor 
chamber 21. Col. 3, lines 49-50. The carrier gas flows fi-om a source 37 through a liquid nitrogen 
cold trap 38 and through an assembly 39 of valve-controlled flow meters. Col. 3, lines 59-63. The 
carrier gas can then be directed at a controlled rate through any or all of a series of valves 41, 42, 
43, 44, respectively, (with a second series of valves 81, 82, 83 and 84 being closed) into the 
bubbler tanks 31, 32, 33, 34 thereby transporting the desired reactant constituents in the bubblers 
through a series of tank exit valves 46, 47, 48, 49. Col. 3, lines 63-68. The constituents are then 
transported through another series of valves 51, 52, 53, 54 and, after proper mixing, through a final 
valve 62 to the inlet line 24 and the reactor chamber 21. Col. 4, lines 1-5. The spent reactant gases 
are exhausted from the chamber 21 via an exhaust line 25 and an exhaust valve 63. Id, 
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Manasevit et al. described a method of using the system 20 as including: "1) evacuating the 
reactor chamber 21; 2) fiUing and flushing the reactor chamber with flowing hydrogen; 3) heating 
the pedestal 22 and pedestal-supported substrate 12 to the deposition temperature; 4) equiUbrating 
the flow of gas from the bubbler tanks by connecting the appropriate tanks to exhaust (via valves 
66, 67, 68, 69 and 72) and bubbling hydrogen therethrough at a controlled rate to equihbrate the 
flows at a predetermined ratio; 5) directing reactant gases into the reactor chamber to form the fihn 
of IV A- VIA compound or alloy; and 6) cooling the deposition composite to room temperature with 
hydrogen after diverting the reactant gases from the reactor." Col. 4, lines 8-20. 

In step 4, equilibrating the flow of gas from the bubbler tanks, involves diverting the 
hydrogen gas through valves 51, 52, 53 and 54 to exhaust (while valves 66, 67, 68 and 69 and 
common vacuum valve 70 are closed) and equilibrate the flows through the exhaust valves 75, 72 
at a predetermined ratio. Col. 4, lines 39-49 In step 5, reactant gases are directed to the reaction 
chamber, by opening valve 62 and closing the exhaust valve 75. Col. 4, lines 50-65. In this 
manner, the reactant gases are channeled into a single line, inlet line 24, prior to entering the 
reactor chamber. Id. By channeling the reactant gases into the single inlet line 24, the gases, 
which are mixed externally to the heated reactor chamber, can be introduced simultaneously into 
the reactor, thereby precluding an undesirable premature reaction of individual reactants with the 
heated substrate. Id. In step 6, the reactant gases are diverted from the reactor chamber 21 by 
closing valve 62 and opening the exhaust valve 75. Id. 

Thus, Manasevit et al. merely discloses maintenance of a reactant flow while altemately 
diverting that flow through the reaction chamber and directly to exhaust. 
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Vm. ARGUMENT 

A. The Combination Does Not Render Obvious the Method of Growing Thin Films onto a 
Surface of a Substrate as recited in Claims 1-33. 

Claims 1-33 stand rejected under 35 U.S.C. § 103. The rejection of all of these Claims 
relies on the combination of Leskela et al. and Manasevit et al. However, this combination of 
references does not establish prima facie obviousness for the reasons set forth below. 

Claim 1 recites method for growing thin fihns onto a surface of a substrate by exposing the 
substrate to alternately repeated surface reactions of vapor-phase reactants. The method 
comprises providing a first reactant source and providing an inactive gas source. A first reactant 
is fed fi-om the first reactant source in the form of repeated alternating pulses to a reaction 
chamber via a first conduit. The first reactant is allowed to react with the surface of the substrate 
in the reaction chamber. Inactive gas is fed firom the inactive gas source into the first conduit via 
a second conduit that is connected to the first conduit at a first coimection point so as to create a 
gas phase barrier between the repeated altemating pulses of the first reactant entering the 
reaction chamber. The inactive gas is withdrawn firom said first conduit via a third conduit 
connected to the first conduit at a second connection point. 

The combination of Leskela et al. and Manasevit et al. does not set forth a prima facie case 
of obviousness. A prima facie case of obviousness requires that "all the claim limitations must be 
taught or suggested by the prior art." M.P,E.P, 2143.03. 

With respect to Leskela, this reference merely taught that in an ALD reactor "[g]aseous 
precursors are introduced one at a time to the substrate surface and between pulses the reactor is 
purged with an inert gas or evacuated." 

With respect to the Manasevit et al., this reference merely taught a reactor system that 
includes a reactor, a plurality of reactant sources, and a multitude of interconnected conduits and 
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valves for supplying the reactant to the reactor. Importantly, in the disclosed method for operating 
this reactor system, the valve 62 is opened and closed to permit or prevent the flow of the reactant to 
the reactor 21. See Col. 4, lines 50-54 and Col. 5, lines 4-8. 

As such, Leskela et al. and Manasevit et al. do not teach or suggest, either alone or in 
combination, a method in v^hich inactive gas is fed from the inactive gas source into the first 
conduit via a second conduit that is connected to the first conduit (which provides reactant) at a 
first connection point so as to create a gas phase barrier between the repeated alternating pulses 
of the first reactant entering the reaction chamber. The applied references also do not teach or 
suggest, either alone or in combination a method in which inactive gas is withdrawn from said first 
conduit via a third conduit connected to the first conduit at a second connection point. The 
Examiner has also not identified any suggestion in the references themselves or in the knowledge 
generally available to one of ordinary skill in the art to modify the references to include these 
operational steps. Thus, the Examiner has not has not set forth a prima facie case of obviousness. 

In the Office Action dated September 1 1, 2002, the Examiner stated that it "would have been 
obvious to one of ordinary skill in the art to modify the Leskela et al reference by the teachings of 
the Manasevit et al reference to use the gases feed system of Manasevit et al. in order to obtain more 
uniform flows as set forth in the prior art." However, as pointed out above, such a combination 
does not teach or suggest all of the claim limitations of Claim 1 . 

In response to Apphcant arguments, in the final office action, the Examiner stated: 

The Manasevit reference teaches the separate [and] controllable inert gas hne which 
clearly meets the apparatus limitations of the inert gas supply line as claimed. 
Applicants are arguing the operational differences between the claims and the prior art. 
However, the instant claims are drawn to an apparatus only , and thus the prior art must 
merely meet the apparatus limitations and be capable of the use. In the instant case the 
combination of Manasevit and Leskala et al teach the claimed apparatus deposition 
system and due to the valves and bypasses in the references, the combined apparatus is 
clearly capable of being operated as shown in the specification." 
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(emphasis added) 

However, Claims 1-33 are method claims, which recite a nximber of specific 
operational steps as referenced above. Without admissions, Applicant submits that even 
if the combination had the capability to meet the claimed invention, the rejection of 
Claims 1-33 cannot be properly maintained by showing that the prior art "merely 
meet[s] the apparatus limitations and [is] capable of the use. Instead, to establish a 
prima facie case of obviousness, the Examiner must show that all of the operational 
steps of Claims 1-33 are taught or suggested by Leskela et al and Manasevit et al. See 
MPEP 2143.03. Applicants respectfiiUy submit that the Examiner has not met this 
burden and cannot meet this burden by merely stating that the prior art "meets the 
apparatus limitations and is capable of the use." 

DC. CONCLUSION 

Nothing in the prior art discloses, teaches or suggests the invention recited by the claims 
discussed above. In combination, the applied references also do not also art disclose, teach or 
suggest the invention recited by the claims discussed above. In addition, the art of fails to supply 
any motivation or suggestion to modify the applied references to include the limitations of the 
claims. The applied combinations of references therefore is improper. 

The applied reference thus do not make the invention obvious. The final rejection of 
Claims 1-33 based on obviousness should be reversed. Favorable action to this end therefore is 
most respectfully solicited. 

Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR 
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Dated: 





Rabinder N. Narula 
Registration No. 53,371 
Attorney of Record 
2040 Main Street 
Fourteenth Floor 
Irvine, CA 92614 
(949) 760-0404 
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APPENDIX A 

1 . (Previously presented) A method for growing thin films onto a surface of a 
substrate by exposing the substrate to alternatively repeated surface reactions of vapor-phase 
reactants, the method comprising the steps of: 

providing a first reactant soiurce; 
providing an inactive gas source; 

feeding a .first reactant from the first reactant source in the form of repeated 
alternating pulses to a reaction chamber via a first conduit; 

allowing the first reactant to react with the surface of the substrate in the reaction 
chamber; 

feeding inactive gas from the inactive gas soiu-ce into the first conduit via a 
second conduit that is connected to the first conduit at a first connection point so as to 
create a gas phase barrier between the repeated altemating pulses of the first reactant 
entering the reaction chamber; and 

withdrawing the inactive gas from said first conduit via a third conduit connected 
to the first conduit at a second coimection point. 

2. (Original) The method of Claim 1, fiirther comprising the step of providing the 
second connection point upstream of the first cormection point so that, at least for some length of 
the first conduit, the inactive gas fed into the first conduit flows upstream towards the first 
reactant source. 

3. (Original) The method according to Claim 1, wherein the step of providing a 
first reactant source comprises vaporizing the first reactant. 

4. (Original) The method according to Claim 3, wherein the step of providing a 
first reactant source fiarther comprising maintaining the first reactant source at least at a 
vaporizing temperature of the first reactant. 

5. (Original) The method of Claim 1, wherein the step of providing a first reactant 
source comprises freeing solid reactant from solid particles located within the first reactant 
source. 

6. (Original) The method of Claim 1, wherein the step of providing a first reactant 
source comprises freeing liquid reactant from a suspended liquid in the first reactant source. 
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7. (Original) The method of Claim 1, further comprising the steps of providing a 
purifier and passing the first reactant through the purifier before transferring the first reactant 
into the reaction chamber. 

8. (Original) The method of Claim 7, wherein the purifier is a filter comprising at 
least one of a ceramic molecular sieve and an electrostatic filter capable of separating one of at 
least dispersed Uquid, solid droplets, particles and molecules of a minimum molecular size ft'om 
the reactant gas flow^. 

9. (Original) The method according Claim 7, wherein the purifier is an active 
purifier comprising fiinctional groups capable of reacting with components present in the 
reactant gas flow. 

10. (Original) The method of Claim 7, wherein the step of providing a purifier 
further includes providing the purifier along the; first conduit between the second connection 
point and the first reactant source. 

11. (Original) The method of Claim 10, further including only passing the first 
reactant over the purifier in a signal direction. 

12. (Original) The method according to Claims 10, further comprising the step of 
forming the gas phase barrier between the purifier and the reaction chamber. 

13. (Original) The method according to Claim 1, further comprising providing the 
second connection point between the first connection point and the first reactant source. 

14. (Original) The method of Claim 1, fiirther comprising the step of maintaining the 
third conduit at a temperature at least equal to a condensation temperature of the first reactant. 

15. (Original) The method according to Claim 1, further comprising the step of 
maintaining the second conduit at a temperature no greater than a reaction temperature of the 
reaction chamber. 

16. (Original) The method according to Claim 1, wherein the third conduit is an 
open gas flow channel. 

17. (Original) The method according to Claim 1, wherein the third conduit does not 
include valves. 

18. (Original) The method according to Claim 1, wherein the first conduit does not 
include valves. 
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19. (Original) The method according to Claim 1, further comprising the steps of 
providing an outlet conduit for withdrawing unreacted reactants from the reaction chamber and 
connecting the third conduit to the outlet conduit. 

20. (Original) The method according to Claim 1, further comprising the steps of 
providing an outlet conduit for withdrawing unreacted reactants from the reaction chamber and 
coimecting the third conduit to a separate outlet conduit. 

21. (Original) The method according to Claim 1, further comprising the steps of 
connecting a second inactive gas source to an inlet of the first reactant source and using inactive 
gas from the second inactive gas source as a carrier gas for the first reactant. 

22. (Original) The method according to Claim 1, further comprising the steps of 
connecting the inactive gas source to an inlet of the first reactant source and using inactive gas 
from the second inactive gas source as a carrier gas for the first reactant. 

23. (Original) The method according to Claim 1, further comprising the steps of 
draining substantially all of the first reactant from the reactant source through the third conduit to 
between the repeated altemating pulse of the first reactant. 

24. (Original) The method according to Claim 1, further comprising the steps of 
providing a condensation vessel and connecting the condensation vessel to the third conduit and 
condensing vaporized reactant residues in the condensation vessel. 

25. (Original) The method according to Claim 1, further comprising connecting a 
second inactive gas source to the third conduit via a fourth conduit and feeding inactive gas into 
the third conduit. 

26. (Original) The method according to Claim 25, further comprising using the 
inactive gas fed into the third conduit via the fourth conduit to reduce an amount of gas 
withdrawn from the first conduit. 

27. (Original) The method according to Claim 1, further comprising connecting the 
inactive gas source to the third conduit via a fourth conduit and feeding inactive gas into the third 
conduit. 

28. (Original) The method according to Claim 27, further comprising using the 
inactive gas fed into the third conduit via the fourth conduit to reduce an amoimt of gas 
withdrawn from the first conduit. 
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29. (Original) The method according to Claim 28, further comprising feeding the 
inactive gas into the third conduit via the fourth conduit when the first reactant is being fed into 
the reaction chamber, wherein the inactive gas is fed during pulsing of the reactant. 

30. (Original) The method according to Claim 1, further comprising connecting the 
inactive gas source to the third conduit via a fourth conduit upstream of a flow restrictor and 
feeding inactive gas into the third conduit. 

31. (Original) The method according to Claim 1, further comprising feeding inactive 
gas into the reaction chamber in-between the repeated alternating pulses of the first reactant. 

32. (Original) The method according to Claim 1, further comprising the steps of 
alternately, with respect to the first reactant, transferring a second reactant into the reaction 
chamber and allowing the second reactant to react with the surface of the substrate in the reaction 
chamber. 

33. (Original) The method according to Claim 1, further comprising the steps of: 
providing a second reactant source; 

transferring a second reactant from the second reactant source to the reaction 
chamber via a fourth conduit; 

alternately, with respect to the first reactant, allowing the second reactant to react 
with the surface of the substrate in the reaction chamber; 

feeding inactive gas from the inactive gas source into the fourth conduit via a fifth 
conduit that is connected to the fourth conduit at a third connection point so as to create a 
second gas phase barrier between repeated alternating pulses of the second reactant 
entering the reaction chamber; and 

withdrawing the inactive gas fi:om said fourth conduit via a sixth conduit 
connected to the fourth conduit at a fourth coimection point. 
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ASSIGNMENT 

tj- 1 A /?^*^°?^^^;, ASM MjcMcheraistry OY, a Finnish corporation having offices at Kutojantie 2B, 02630 Espoo 
Finland {heiemafter ASSIGNC>R"), represents that it has certain right, title and interest in the United States issued Letter^ 
Patents and applications for Lellers Patents in the United Sratcs (hereinafter "the Patents and Patent Applications") recited 
on Appendix A, attached hereto, and in the mventions disclosed therein. 



WHEREAS, ASM International N,V., a Netherlands corporation having offices at Jan van Eycklaan 10, 3723 BC 
. Biltiioyen, THE NEIHERLAKDS (hereinafter "ASSIGNEE") desires to purchase the entire right, title, and hit^st in and 
to the mvejiticns disclosed in flui* Patents and Patent Applications; 

A oofr^T^JS^' ^ vahiable consideration, the recent of T;(Wch Is hereby acknowledged, 

ASSIC5NOR hereby further acbwwledgcs that it has sold, assigned, and transfeued, and by these presents does hereby sell, 
'^^^^T**^^'^**^ ASSIGNEE, its successors, legal representatives, and assigns, any right, dde, and interest that 
ASSiGT>fOK nas tooughout ihe world in. to, and under the said inventions, and the said Patents and Paxenr Applications 
and all Patents that roay be granted thereon, and all provisional ^pHcations relating thereto, and aU drvisions 
contmnations, reissues, reexaminations, renewals, and extensions thereof, and aU rights of priority under Ihtemationai 
Conventions and ^plications fiir Letters Patent tiiat may hereafter be filed for said inventions or for flie said Patents and 
Patent Applications in any comtry or countries foreign to the United States; and ASSICT»IOR hereby autiiorizes and 
retjufisls the Conamissioncr of Patents of the United States, and any Official of any coimtry foreign to fte United States, 
whose duty it is to issue patents on plications as aforesaid, to issue all Lettere Patents for said hiventiona and all Letters 
Patents resulting from die Patents and Patent AppHcations to ASSIGNEE, its successors, legal representatives, and assigns, 
M accordance with the tenns of Chis Agreement 

ASSIGNOR does her^iy sell, assign, transfer, and convey to ASSIGNEE, its successors, legal representatives, and 
assigns all claims for damages and all remedies arising out of any violation of the rights assigned hereby tiuit may have 
accmcd prior to tiie date of assignment to ASSICa^EE, or may accme hereafter, inchiding, but not limited to, the right to 
sue for, collect, and retain damai^es for past infringements of the said issued Letters Patents; 

ASSIGNOR hereby covenants and agrees that it will communicate to ASSIGNEE, its successors, legal 
r^jresenlatives, and assigns any fects known to ASSIGNOR respecting die Patents and Patent Applications immediately 
upon becommg aware of those facts, and that it will testify hi any legal proceeding involving ar^ of the Patents and Patent 
Applications, will sign an lawful papers, execute aU divisional, continumg, and reissue applicalimia, make all li^tfid 
oaths, and will generaftf do everyfhhig possible to aid ASSIGNEE, its successors, legal representative, and assigns to 
obtain and enfbicce the Patents aiid Patent Applications in all countries. 

IN TESTIMONY WHERJBOF, I hereunto set my hand and seal this day of Mc»>JfiJn^QA 20 0.7?, 



ASM Microchemistty OY 
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PATEMTS 


fiERlAl, NO. 


DATEFIU© 


PATENT NO. 


ATTN. DOCKET no! 


09/686,613 


1/4/00 


6,630,030 


SEPPI .001 CPI 


09/6$1,020 


6/7/00 


6/416,577 


SEPP2.001APC 


09/619,820 


07/20/00 


6,506,352 


SEPP4.001AUS 


09/687,355 


10/13/00 


6,632,278 


SEPP5.001AUS 


09/749,339 


12/27/00 


6,661,406 


SEPP6.001AU3 


09/749i329 


12/27/00 


6,447,607 


SEPP7.001AU5 


09^64,692 


1/18/01 


6,589,572 


SEPP8.001AUS 


09/835,737 


4/16/01 


6,548,424 


SEPPI 0.001 AUS 


09/600,757 


3/6/01 


6,534,395 


A8MMC,002AUS 


09/643,518 


4/26/01 


6,482,733 


ASMMC.004AUS 


09/791,167 


2/22/01 


6,492,283 


ASMmC.007AU5 


09/588,077 


5/10/00 


6,662,140 


ASmMC.01 2AU8 


09/769,662 


1/25/01 


6,579,374 


ASMMC.012C1 


09/687^04 


10/13/00 


6,482,262 


ASMMC.02dAU$ 


09/687,205 


10/13/00 


6,475,276 


ASMMC.027AUS 






PATBtfT APPUCATIONS 




SERIAL NO. 


DATE FILED 


ATTN. DOCKET NO. 




10/645,830 


8/21/03 


seppl.ooicpici 




10/205^96 


7/24/02 


SEPP4.001C1 




10/616,429 


7/10/03 


SEPP6,001C1 




10/365,926 


2/13/03 


SEPP6.001DV1 




10/205,297 


7/24/02 


SEPP7.001DV1 




10/394,309 


3/^0/03 


SEPP8.001C1 




09/787,062 


6/28/01 


SEPP9.001APC 




10/410,718 


4/B/03 


seppio.ooici 




09/836,674 


4/16/01 


5EPP11.001AUS 




10/270,745 


10/11/02 


SEPP11,001CP1 




09/835,831 


4/16/01 


SePPI 2,001 AU5 




09/854,706 


5/14/01 


SEPP1 4.001 AUS 




10/003,749 


10/23/01 


SepPI 5.001 AU5 




10/066,315 


1/28/02 


SEPPI 6.001 AUS 




10/067,634 


2/4/D2 


SEPPI 7.001 AUS 
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1 U/1UUiDUP 


3/1 5/02 


5EPP1 6.001 AUS 




4/11/02 


SEPP1 9.001 APC 




4/1 1/02 


5EPP20.001APC 




6/27/02 


SEPP21.001APC 


iu/^/o,ODo 


11/15/02 


SEPP22.001APC 


H A/444 d4 

10/333,921 


1/1 7/03 


SEPP23»06lAPC 


10/2Sd fisg 




ASMMC.002C1 


inr37Q fttia 


1 Z/23/U2 


ASMMC,002DV1 




9/6/02 


ASMMC,004DV1 




1 1/21/02 


ASMMC.40V1C1 




1 1/22/02 


A&MMC.4DV1 CPl 


AQ/nQ*? iao 


□/2i/Qi 


ASMMC.005AUS 


10/2Q1/41& 


10/25/02 


ASMMC.007C1 


10/043,125 


2/7/02 


ASMMC.006APC 


10/383,291 


3/6/03 


ASMMC.012C2 


0£|/997,396 


11/26/01 


ASMMC.020AUS 


10/246,131 


9/17/02 


A6MMC.026C1 


10/21 0,71 6 


7/30/D2 


ASMMC.027C1 


09/946,463 


6/31/01 


ASMMC.029AUS 


10/653,737 


9/2/03 


/^MMC.02gDV1 


09/801,542 


3/7/01 


ASMMCOSOAUS 


10/227.475 


6/22/02 


ASMMC.031AUS 


10/136,095 


4/30/02 


ASMMC.032AUS 


10/007,304 


12/5/01 


ASMMC.033AUS 


1 U/UDO, 1 D9 


1/30/02 


ASMMC.034AU6 


10/187,142 


6/28/02 


ASMMC.035AUS 


09/975,466 


10/9/01 


ASMMC.036AUS 


10/222,005 


8/14/02 


ASMMC.037AUS 


10/242,366 


9/12/02 


A$MMa038AUS 


Kl/285,346 


10/30/02 


ASIVIMC.042AU5 
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Abstract: The requirements of ALD precursors differ from those of CVD concernmg Uiermal stabilUy. »dso^''°" 
fhc surface, and rlLclions towards each other. In the first ALD experiments m the 70s elements (Zn, Cd. S)^ m«a 
Mides and non-metal hydrides (HA H,S) were used. In the 80s the selection of precui«)rs widened to metal complexes 
Skoxides. P-diketonates) and simple orga«>metaIlics (alkyl compounds). In <he 90s both jjew .(CP-««nP°'««'^- 
Slli<J<^) ^ well as non-meul precursors (H,0, O,. hydrazine) have been mlroduced. A charactmst.c feature of ALD 
STs Jace groups play an important r^e as reactive sites for the next precursor pulscTlie developn«=nt of ALD 
I^JoLon, is limi^ W the 4all number of groups working in the field. It seems, however, that the precuror development 
is diverged and tailored molecules are designed for each process. 



\. INTRODUCTION 



Atomic Layer Deposition (Epitaxy) developed in the early 70s is a modification of CVD and can also be 
called as "alternately pulsed-CVD" [1.2].Gaseous precursors are introduced one at a time to the substrate 
surface and between the pulses the reactor is purged with an inert gas or evacuated. In the first reaction step 
the precursor is saturatively chemisorbed at the substrate surface and during the subsequent purging the 
excess of the precurwr is removed from the reactor. In the second step the other precursor is introduced on 
the substrate and the desired film growth reaction takes place. After that the reaction byproducts and the 
precursor excess are purged out from the reactor. When the precursor chemistry is favourable, /.e. the 
precursors adsorb and react with each other aggressively, one ALD cycle can be performed in less than one 
second in properly designed flow type reactors. . . i u 

The striking feature of ALD is the saturation of all the reaction and purging steps which makes the 
growth self-limiting. This brings the large area uniformity and conformality. the most important properties 
of ALD as shown in very different cases, viz. planar substrates [3], deep trenches [4] and m the extreme 
cases of porous silicon [5] and high surface area silica and alumina powders [6.7]. Also the control of h m 
thickness is straightforward and can be made by simply calculating the growth cycles. ALD was originally 
developed to manufacture luminescent and dielectric films needed in electroluminescent d'splays [8] and a 
lot of effort has been put to the growth of doped zinc sulfide and alkaline earth metal sulfide films 9], Later 
ALD has been studied for the growth of different epitaxial III-V [10,11] and Il-VI [12.13] films, non- 
epitaxial crystalline or amorphous oxide [14,15] and nitride [16,17] films and their multilayer structures. 
Minor attention has been given to grow other films like those of metals and fluorides [18]. There has been 
considerable interest towards the ALE growth of silicon and germanium films but due to the difficult 
precursor chemistry the results have not been very successful [19,20]. 

2. REQUIREMENTS FOR THE ALD PRECURSORS 

Tiic precursors maybe gaseous, liquid or solid and in the last two cases the requirement is that they imsi be 
volatile. The vapor pressure must be high enough for effective mass transportation. The solids and some 
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be; 



pi*- 



maun*" 



liquids need to be heated inside the reactor and introduced through heated tubes to the sub 
necessary vapor pressure must be reached at a temperature below the substrate temperature 
condensation of the precursors on the substrate: 

The self-limiting growth mechanism of ALD makes it easy to use also relatively low vapor prcs 
precursors though their evaporation rates may somewhat vary during the process because of changt 
surface area. The technolo^cally challenging task of pulsing precursors evaporated at high tempe 
solved elegantly by inert gas valving [2,3]. A challenge remaining with very small particle size so| 
to prevent the particles from being transported by the carrier gas and entering the films. U 
The precursors must be thermally stable at the substrate temperature because their decompositij 
destroy the surface control and accordingly the advantages of the ALD method. A slight decompoj 
slow compared to the ALD growth, is acceptable as shown in the case of metal alkoxide precursi 
growth ofoxide films [21.22]. 

The precursors have to chemisorb on or reaa with the surface. The interaction between the prec^ 
the surface as well as the mechanism of the adsorption is different for different precursors as will be 
out later on. The adsorption can in the most cases be considered as an exchange reaction as report 
growth of oxide films where the surface OH groups play an important role [23,24]. After pi 
molecule at the surface has to react aggressively with the second precursor and form the desired ^uu; 
The demand of highly reactive precursors in ALD is in marked contrast to the selection of precureol 
conventional CVD. The aggressive reactions guarantee effective use of precursors, short pulse tim^ 
purity of the films in ALD. Thermodynamic considerations of the film formation reactions are useful althf 
the dynamic conditions in the process do not completely fulfill the real equilibrium requirements! 
aggressive reaction desired means that reactions having large negative values of AG are looked for^IJ^ 
programs for calculations exist [25] but unfortunately thermodynamic data are not available for i 
number of organometallic precursors. The AG value is only tentative since it tells about the spontane 
the reaction between the gaseous precursor molecules but nothing on the kinetics and, more importiu 
nothing on adsorption. If there is no site where the precursors can adsorb and be anchored, the grov^^^ 
not take place. There is no thermodynamic data for calculation and prediction of adsorption and sfp 
reactions and therefore to get predictions of them extensive quantum chemical calculations are needed. 5*1^ 
requirement for a negative AG is not strict since the growth proceeds under dynamic conditions where^ 
by-products are removed from the surface. The reaction between InClj and water to In203 has b^ 
successfully utilized in ALD although its AG is slightly positive [26]. ^ 

The side-products in the reaction must be gaseous in order to allow their easy removal from the rea^Of. 
The side-products should not further react or adsorb on the surface. The reaction between metal chlonp 
and water, often used in the ALD growth of oxide films, produces HCl which may readsorb or react Ind 
cause lowering of the growth rate or inhomogeneity in film thickness as shown in the case of TiOj, ftff 
example [23,27,28]. HCl has been shown to adsorb also on the alumina and undergo an exchange reactipti 
between the OH group, most readily with the basic ones [29]; ■ • ; 

Precursors should not react with the film and cause etching. NbClj is an extreme example since it rea^; 
with niobium oxide and volatile oxochlorides are formed hindering the film growth [30]. TaClj behay^- 
slightly similariy but the etching is not so severe and TajO, film can be grown in a self-limiting manner beS 
the temperature where the etching begins, about 275 **€ [3 1]. % 

The final requirement for the precursor is that it should not dissolve in the film. This rather rare sitiia^*^ 
was observed when copper films were grown using zinc vapor as a reducing agent. Zinc dissolved in co^p 
forming brass. During purging and the next copper precursor (CuCI) pulse zinc was re-evaporated ari^J 
uncontrolled copper formation reaction took place [32]. 

While integrating ALD processes for making complete devices, the compatibility of the precursors W 
the underlying material, substrate or film, must be taken into account. No etching, harmftil reactions 
dissolution may take place. 
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3 PRECURSOR COMBINATIONS AND SURFACE AS A REACTANT 



rh unique features of AID are not that much reflected in the choices of single precursor molecules which 
essentially the same as those used in CVD. Rather, it is the way how they are combined (Table 1 ) which 
*^kes the difference. As mentioned above, the precursors must react aggressively and completely. The 
!f {Terence to CVD chemistry is clear since ALD favours precursor combinations, for example trimethyl- 
juminium (TMA) + water, zinc chloride + hydrogen sulfide, which in CVD can not be mixed together and 
introduced simultaneously into the reactor. 

The surface chemistry of ALD relies on either molecular chemisorption or, perhaps more often, reaction 
of the incoming precursor with the functional group on the surface. Experimental evidences of the latter case 
have been reported in many papers on ALD oxide films using water as an oxygen precursor [17,23,24, 
33 34]. There the actual reaction takes place between the OH groups on the surface and the metal precusor: 

n(-OH)(s) + MXp(g) -> (-0-)„MV(s) + nHX(g) (D 

where M is a metal ion, X is a ligand, typically halide. alkoxide or alkyL p varies depending on the metal and 
ligand and n varies depending on the amount of surface hydroxy! groups which in turn is a function of 
temperature. During the next pulse water changes the surface to a hydroxylated one: 



(-O-)M^(s) + (p-n)(HP)(g) -> (-0-)MOH)^(s) + (p-n)HX (g) 



(2) 



The con-elation between the amount of hydroxyl groups on the surface and the amount of metal precursors 
adsorbed has been shown in the experiments made on high surface area silica powder [33]. Also the low 
growth rate of lUjO, thin fdms, known to be deficient of surface OH groups, can be explained by the lack 
of reaction sites during the indium precursor pulse [34]. On the other hand, the increase of the water dose 
in a pulse significantly increases the growth rates of oxide films which can be understood in terms of 
increased hydroxyl group densities [35]. 

The lack of anchoring sites or functional groups can be the reason for the non-ideal results obtained for 
example with III-V compound and elemental (metal) fihns. On the other hand, ALD growth on selective sites 
could be utilized in selective area growth experiments by patterning the OH terminated surface and growing 
the film on the OH covered areas only. Crystallographically selective area growth is also possible as shown 
by Isshiki et al. [36,37]. They grew epitaxial III-V films and by controlling purging times they were able to 
deposit GaAs and GaP films either selectively on the (100) surfaces only or simultaneously on both the (1 00) 
and (111) surfaces of their (lOO)GaAs substrates which contained V-shaped grooves with the (111) oriented 
sidewalls. 

Direct experimental evidences on molecular chemisorption in ALD are sparse. Real time quartz crystal 
microbalance (QCM) measurements can be used to monitor the relative masses of adsorbed species [38] 
Most processes studied by this method involve metal chlorides and water precursors and are aimed for oxide 
films, and also in the studies on p-diketonato complexes water has been used as the oxygen precursor. Thus 
the effect of OH groups is present in the adsorption which involves partial release of the p-diketonato 
ligands [39.40]. Kawai and coworkers [41,42] have shown, however, that Cu(thd)2 and Ca(thd)2 can 
chemisorb on silica surface without exchange reaction via the interaction between surface oxygen atoms and 
C-0 bonds in the complex. 



4. PRECURSORS USED 

The need to develop a new deposition method for electroluminescent (EL) thin film devices which require 
^h-quality, pinhole-free dielectric and luminescent films deposited on large area glass substrates resulted 
in the discovery of the ALD method [8]. In the monochrome yellow-emitting EL devices ZnS:Mn thin films 
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are used as the phosphor material. Therefore, the first experiment carried out used elemental '^rfc 
as precursors jmd that is of the name Atomic Layer Epitaxy, When grown on_^ 



substrate at high enough temperature, real epitaxy can be obtained. Soon it turned out tlitatjB^ 
precursors (ZnQj, MnCI^, H^S) are more convenient to handle and films of the quality needed uv^ 
can be achieved. For these reasons and because only a few of them are volatile enough, elementsf* 
used as precursors, II-VI compounds being the exceptions (Table 1). Epitaxial CdTe has beeh^ 
(100) GaAs in a monolayer fashion at a limited temperature range (260-290 and at higher temjj 
0.5 ML/cycle growth was achieved [43]. With ZnSe the process v^ndow for 1 ML/cycle is wider,-r 
350 T [44]. The use of elemental zinc as a redudng agent in the ALD growth of transition metal#^ 
is also worth mentioning [14,16,18], 

In the following the ALD precursor chemistry is highlighted according to different precursor types| 
1 summarizes the different precursors and reactions used in ALD without references. For detailed referj. 
the recent reviews [15,45,46] are refered to. '1^1 



4.1 Precursors for non-metals 



4 J. J Oxygen 



Water has been by far the mostly used precursor chemical for oxygen. It reacts fast with many metal haudes 
and alkyls and reasonably well with metal alkoxides forming via surface hydroxyl groups oxide filmSs 
described above. Problenis with water arise with P-diketonato complexes because the reaction doesSS 
occur or is slow at temperatures below 500 In CVD P-diketonates have been used together with oxjlbn 
but usually the temperature has been rather high [47]. films are the only ones reported to be grown by 
ALD from P-diketonates (Y(thd)3) and with a low rate of 0.2 A/cycle [48]. The inertness of th^Oj 
molecule can be explained by the double bond and accordingly all burning reactions need high temperatife: 
The use of ozone instead of oxygen makes the ALD growth of oxides from the p-diketonates faster but 
slightly non-ideal since no ALD-window can be found but the growth rate increases with increasing 
temperature [48,49]. 

H2O2 has been in few difficult cases (In^j, SiOj) used instead of water to improve the growth rate 
[50,51]. The improvement can be explained by the increased number of OH groups on the surface. H2O2 
reacts also with TMA more eagerly than water but at low temperatures the resulting AJjOj films are not 
dense as is the case also when water is used [52]. Alcohols have been used as oxygen precursor in deposition 
of AI2O3 films from both AICI3 and different alkoxides [53]. 



4. 1. 2 Sulfur and selenium 



•IV- 

Hydrogen sulfide is a suitable and the mostly used sulfur precursor in ALD. It reacts well with very diff^jW.. 
metal precursors: halides, alkyls, carboxylates, P-diketonates and cyclopentadienyl compounds (Table II 
HjS is used in the large scale production of ZnS based and pilot scale production of SrS based EL phosphii* 
Quantum chemical calculations on the reaction ZnCX^ + H2S -> ZnS have shown that the interaction of 1^5 
on ZnClj surface is depedent on the arrangement of the ZnClj molecules. Independently chemisorbed ZnCJi 
molecules favour additive reaction of H^S and the critical step is the formation of HCl while ZnClj chiins 
favour the immediate reaction to ZnS [54,55]. A mass-spectroscopic study of the same reaction showed lhaf 
HCl is released only after the H2S pulse and not after the ZnClz pulse [56]. .i^t. 

The reaction between dimethyl zinc and H^S proceeds in a monolayer fashion at 250-310 X [57]. Tne. 
process is sensitive to H2 purge and Zn(CH3)2 dose. It is proposed that dimethyl zinc adsorbs as a molecUK; 
on the sulfur surface. The Hj sensitivity gives indications for the possibility of an inhibiting reaction whei|: 
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.allic zinc and n,ethane are formed [57]. A recent detailed study on CdCCH,), + H,S ALE reactions 
Ced however, that dimethyl cadmium chemisoifes dissociatively rele^mg methane and formmg a 
n^methylated ^rface [SSlrMethane is also released during the pulse and a SH surface is formed. .The 
riism proposed where the surfece SH groups play an important role resembles closely to that reported 

fAf water and surface OH groups. , „ . a c • ^ 7«o^ xk« 

^^Srogen selenide reacts like hydrogen sulfide with zinc chloride and alkyl compounds ^"^"8 Jh^ 
Jies have been focused on verifying the ML growth/cycle and details of the mechanisms and the possible 
i of Sdi groups have not been reported. The use of a thennal precursor cracker improves he film quality 
ti tas been explained by the formation of elemental species having surface mobility higher than Zn(C,H,), 
B«lHjSe[59]. 



11.3 Nitrogen 

Ammonia has automaticly been the precursor for nitride films. Three ^es of approaches have Jeen taken 
,^ds nitride films: ephidal GaN (Al,..Ga^, Ga..In,N) films grown firom alkyl compound and ammoma 
or optoelectronic applications [601. polycrystalline AIN films for d.dectnc and p^s.vat.on 'aye^«^^^^^^^ 
olycrystaUine transition metal nitrides (TiN, NbN. TaN. Ta3N„ MoN) grown from metal cWondes fo 
Ksl barrier and protective applications [14]. In systems where no reduction f^he metal ^M^^^^^ 
s needed ammonia works rather well. The impurities found from for example AIN ei--^ <^Wonne and 
ydrogen with AICI3 [61.62] and carbon and hydrogen with TMA [62]. show that ammonia leaves behind 
some hydrogen. The oxygen found in the AIN films is concentrated on the surface indicating post deposition 
oTdation. N?olatile traSon metal precursors usually contain metals at their highest oxidation sta es but 
the nitrides the oxidation state is +m and therefore reduction must occur^oma V^^^^f'^^^^ 
and for example TiN can be prepared with the reaction between T.C1, and NH, and the film -"ade at 500 C 
is rather pure but films of better conductivity are obtained if zinc is used as an additional reducing agent [16 . 
Ammonia does not reduce TaCl, and Ta,N, is formed, and Zn vapour reduction ,s ^^^^^°[^.^^}^^:^^^ 
As a summary, ammonia is a suitable precursor for nitride formation reactions with metal chlondes if the 
metal ion has not to be reduced. If reduction is needed an additional reducing agent rnay be ne^e^ai^ The 
situation may change if other metal precursors than chlorides are used as shown m the case of T.I, [65]. 

-/. 1.4 Hydrides of Group V(I5) Elements 

PH„ AsH, and SbH, are the most common precursors for the group V elements. In fl-E they have been 
used together with both chlorides and alkyl compounds of the group ffl elements (Table l^ The ALE growth 
of the ffl-V compounds has not been very successful because of the "^•"P^^^y ♦'i^"^!^^ ZVJ^t 
.here is no single mechanism for the growth of the III-V compounds by ALE. The ^l'^^"''- '"'''^^^^^^^^ 
chemistry are believed to be mainly due to the group m precursors and not because of Ae group V h^^^^^^ 
However, the As-H species play certainly an important role in the chemisorpt.on of TMG and the nstabiUty 
of surf-ac^ AsH, is a partial reason for the problems. Fast injection of AsH,. high hydrogen Part-al pressure 
and injetion of atomic hydrogen on AsH, surface have improved the self-limiting type growth HSj^Ho^^r^ 
in some experiments wide temperature, pulse time and pressure windows have been observed [66] and they 
must be addressed to the ligand exchange reactions similar to those descnbed for the growth of oxide films^ 
The precursors for the group V elements are not under special development but the users are satisfied to the 
compounds commercially available for MOVPE. 
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The dnly papa^ ^sttng" on the ALD of fluoride films- reports the use of NH^F as a precursor fqr 
Zn fluorides [67]. The precursor is not ideal and the growth rate remains low. In deposition of SrS|( 
fluoride codoping has been performed by benzoyl fluoride which is a suitable precursor for codopingtj 
for growing bulk fluoride films [68], 



4.2 Metal precursors 



4.2.1 Halides 



Metal halides, especially chlorides, are applicable precursors in ALD deposition of oxide, sulfide and nitride 
films. They are volatile and reactive enough but most of them are solids which is in microelectronic indukiy 
considered as a disadvantage. The ALD surface chemistry of chlorides has been studied thoroughly both on 
planar substrates and on high surface area oxide powders in preparation of oxides. As described above in 
those cases metal chlorides are reaaing with surface OH groups and HCl is formed. Much less is known on 
the chemisoiption on sulfiir surfaces. The calculations show that ZnClj adsorbates on sulfur surface form a 
stable complex [54,55] though desorption of ZnCli may occur easily [56]. Due to the size of the chloride 
anions and their repulsion, maximum surface coverage can be either 1/3 or Vi depending on whether the 
adsorption mode is independent or chain-like, respectively. Experimentally it has been shown that 2-3 cycles 
are needed for one monolayer depending on the experimental conditions [69]. The role of surface SH groups 
has not been studied in detail. -^i* 

The behaviour of aluminium, gallium and indium trichlorides in the growth of oxide films differs from each 
other markedly: AljO^ can be grown with a good rate, GasOj does not grow at all, In^O^ grows with a low 
rate. The oxide formation reactions become thermodynamically more unfavored in the same order. Partially 
those behaviours can possibly be addressed to the stability of OH groups on the oxide surface. The reactivity 
of Al, Ga and In chlorides with ammonia follows the same trend as that with water. In GaAs ALE GaCl has 
been more often studied as a precursor than GaClj. The reaction between GaCl and AsHj is not very 
favorable and long pulsing times are needed, and on the other hand GaCI desorption may occur and GaCl 
surface may change to inert Ga surface [70]. The studies have shown that GaClj reacts with AS4 precursor 
only in the presence of hydrogen [71], A rather wide 1 ML/cycle ALE window has been found for GaCl3 + 
ASH3 and the suggestion for the reaction mechanism goes via AsH and As-GaClj surface species [72]. 

SiCU reacts with water producing SiOj films. The reaction is, however, very slow and pulse times of tens 
of seconds are needed. The process relies on the surface OH groups and the growth rate is dependent on 
temperature which further determines the OH content on the surface [73]. The reaction can be enhanced by 
pulsing pyridine after each reactant pulse. Both the reaction temperature and pulse times could be reduced 
significantly v^thout losing the growth rate per cycle and the quality of the film [74]. 



4,2.2 A ikyi compounds 



Because of the importance of the III-V semiconductors most ALE and ALD studies using alkyi precursors 
deal with Ga, Al and In. Both trimethyl and triethyl compounds are easily available and their chemistry «n 
CVD is known. No special precursor for ALE has been designed. The ALE deposition of GaAs has been 
studied by numerous groups using different experimental set-ups and very different results have been 
reported. The difficulties arise from the instability of Ga alkyI compounds (mainly trimethyl gallium, TMG). 
In ultra high vacuum systems no saturative growth or a very narrow temperature range for the saturation 
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Heen observed but the saturation can be enhanced by laser irradiation [45]^ The use of high-speed flow 
^ V^rnaen transDort has resulted in reasonably wide saturation range [66,75]. 
j„3hydrogen transp^^^^^ for the ALE GaAs surface chemistry, First, the TMG converts the 

e^SnleSTr^art^^^^^ one and the methyl groups desort. This surface is no 

•'''"e^;Sve towLs TMG [76]. Second. mG reacts with arsenic surface and forms a galhum nch 
'""i ^ SSS v^th methyl groups. The methyl groups make the surface passive for further adsorption of 
tnVV^XT^oZ TCG) decomposes on the surface to a monomethyl (ethyl) species which desorbs 
rftlesu^e and no deposition takes place. The growth requires a flux balance between the adsorbing 
S^^SS^es [78]. As a conclusion it can be said that ideal saturative growth is hard to achieve by 

"^^hS^ourToJ'Al and In alkyls are similar to those of gallium alkyls in the growth of the III- V 
Jpounds T^and l\i are the most commonly studied materials after GaAs. By "^"8 <»'ff--t tncks 
SsSes flow rates, precursor cracking, and H, purges it has been poss.b e to grow these matena^s 1 
SSS. a liled tem^mture range [45]. In the growth of oxide films the alkyl compounds behave hke 
Strides ™a + HP is almost an ideal reaction [79,80], TMG + H,0 does not proceed at all and TMi 
f^ O sho^ exter^ely low growth rate [34]. TMA-water process works in a wide temperature range 
i?00 ^Tbut the OH (or H)?>ntent of the film increases with decreasing t«nperature. The pro^^s h- 
^TLdied in many applications including modification of catalyst supports and membranes [81], d.electnc 
STs for EL deviis and corrosion procetion films. The reaction of Al and Ga alkyl <--PO-ds^-^^^ 
Gloria results in AIN and GaN [60.62]. Clear temperature window for the self-limiting growth does not 
exist but stable growth can be achieved at fixed temperature. ■ , 7 o 7„<:^ 

Simethyl (DMZ) and diethyl (DEZ) zinc have been used in deposition of both epitaxia^ ZnS and ZnSe 
filmsrSLpdyoystallineZ^^^ Close to 1 ML/cycle growth was observed m the react^n 

S^IdH^I'S at 25-500"€ [82]. Tlie process can also be used in a large s^e to ^^^^^^^f^^ 
based EL devices [83]. Both DMZ and DEZ react vigorously with water forming ZnO at 100-250 C the 
S^D SowtlTrTe being reaction temperature dependent [84]. This and the observation that the reaction 
ZeS and hJ and H,Se are hydrogen pressure dependent indicate thermal instabdity of the zinc 
aS" mpounds. not to forget ie role of surface OH. SH and SeH groups, however. Jf the decomposition 
is complete and a zinc surface is formed, the chalcogenide formation reaction is inhibited. 

4.2,3 Aikoxides 

Alkoxides which are well k«,wn precursors in CVD have only in a few "sed -J^^-f ^^^^^^^^^ 
oxide films Water and alcohols have served as oxygen precurors [21,53]. Alkoxides have a tendenq^ to 
decompose at high temperatures and therefore ALD processes are limited to 'e-Pe- -e^^^^^^^^^^^ 
where the growth is an ALD-type exchange reaction utilizing surface OH groups. The size of the precursor 
JSZZ 5Lts the growth me and in the case of TiO, the precursor affecu al- the c-yst^^^^ [2 W 
Alkoxides are very important precursors for Nb and Ta oxides because their chlondes etch the forming 
oxides [86.87]. 

't-2.4 P-diketomto complexes 

Electropositive metals have not many volatile compounds and Miketonato cojlexes are among the few 

ones. The need of volatile alkaline earth and rare earth metal compounds for CVD ^^P^/ ^'^^ 

temperature oxide superconductors boosted the studies - ^^^^^ J^^^^ 

interest has been in deposition of SrS based EL phosphors and thd-chelates (Hthd - 2.2.6.6-tetramethyl J,5 

hX?onTa;eurastheprecursors[88].Theinstab^ 

non-uniformity for the films and the difficulties increase in the series Ca<Sr<Ba [89]. Anyway. Sr(thd), is 
used in a pilot scale for SrS EL films [90]. 
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The alkaline earth P-diketonato complexes may oligomerize which limits the , do' 

neutral adducts have been added tpjhe complexes to keepihejn mpnpmple^^ The compI^ ^^ ^K: 
age by reacting with moisture also resulting in oligomers. The adduct molecules are belie^^^^^ffi; 
against a^ng as well [47,91]. ALD depositions of alkaline earth sulfide films have been ^^^^i jhe ■ 
adducted thd complexes but it seems that the neutral adduct molecules do not stay ^"^i^^S ^tb 
temperatures [92,93]. Thus the surface reaction is basically the same as in the case of «on^^^ j^^v 
complexes. One other way to avoid the aging and possible decomposition of the P-^^^^^onato i 
the heated source is to make them in situ in the ALD reactor. This is possible by introducing Jj}^ 
vapor over heated alkaline earth metal or hydroxide and a reasonable growth rate (0.8-1 A/cycl|] 
achieved [94]. The vaporization of the Hthd liquid inside the ALD reactor requires careful ,t( 
control but this can be avoided by pulsing Hthd from outside of the ALD reactor [95]. . 

As mentioned above the ALD deposition of oxide films fi-om P-diketonato complexes and wm|| 
a favourable reaction the depo^tion of MgO being an exception but with a low deposition rate [96]: l|i 
results have been obtained by using ozone as an oxygen precursor. Even ternary LaCoOj and LaNiO^f 
usually are difficult to prepare by CVD techniques have been grown by ALD from the correspond! 
complexes and ozone [97,98]. ^ ^.^ 

Cu(thd)2 is a possible precursor for deposition of metallic copper. The reduction is made by an^l 
to the instability of the precursor the process is self-limited only in the temperature range 190 to 260 
initiation of the growth is not straightforward and a Pt/Pd seed layer is needed [99,100], Cu(tr 
as many rare earth thd-chelates have been employed as precursors for doping ZnS or SrS based EL phosi 
films [101]. :^L^ 

The adsorption of several transition metal thd-complexes on high surface area powders have been 
in detail [102]. In adsoption on oxide surface the thd-chelate undergoes an exchange reaction betwe^^ 
surface OH groups. The number of metal atoms on the surface is a function of the OH group concentM^ 
(calcination temperature) and the size of the molecule. There is one recent example of molecular adsor]^ 
of a p-diketonate chelate on silica surface, viz. Cr(acac)3 (Hacac = 2,4-pentanedione). The molec* 
adsorption occurs only at a limited temperature range 160-200 however [103]. ^ 

4.2.5 Cyclopentadienyl compounds 

Magnesium and few other cyclopentadienyl (Cp) compounds are known as oxide precursors in CVD. Also 
some metal films have been grown by CVD from the cyclopentadienyl compounds. In ALD the first r^^ 
on these precursors is that of Huang and Kitai [104] on MgO films. Our interest towards the Cp compounds 
stems from the need to find volatile compounds for the heavier alkaline earth metals capable to react witt 
water to oxide at reasonable temperatures. Because the experiments with p-diketonates failed Q 
compounds, though considered to be very sensitive to oxygen and moisture, were chosen. In P^^^ 
however, these compounds turned out to be more stable than expected and could even be shortly expo^^ 
to air. Not much attention has been paid on the growth of binary oxide (SrO, BaO) films but m^. 
importantly ternary SrTiOj and BaTiOj compounds were grown with Ti alkoxide as a titanium source. TO 
depositions on glass substrate follow the principles of ALD: the films are polycrystalline, the compositt^^ 
can be affected by changing the pulse ratio of the metal precursors, thickness is uniform and depends Imeaijf^ 
on the number of the growth cycles, and the confbrmality of the films is perfect [105]. Cp compounds fbi|| 
a big family of precursors since the ligands can be varied by substitutions in the carbon 5-ring, largening 
ring system (indene, fluorene) and by linking two ring systems together by a bridge. The potential of the 
compounds as precursors for alkaline earth metals is still largely unknown. Metallocenes of the S^o^Pk; 
metals (Ti, Zr, HO are well-known in polyolefin catalysis and they are volatile compounds which react readi||^ 
with water. Thus, these are also potential ALD precursors for TiO^. ZxO^ and HfO^ films. :||, 
Sr((i-prop)3Cp), reacts also with H^S forming SrS film. The benefit of this precursor is that ^emperaturj.- 
below 200 ^'C can be used to fabricate crystalline films with high growth rates [106]. In luminescent EL filn}^^ 

% 
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Cp precursors [83]. 

^ 2,6 Carboxylato complexes 

position of ZnS films [lOT^Z-nc ^^^^^^"^^^^^^^ the growth rate of the film is h.gh 

liecule adsorbing -^e surface -^^^^^^^^l^^, ^nO films although the growth rate .s venr low. 
[106,108]. Zinc acetate can be used aiso d^» <i 



4 2, 7 Silanes and germanes 
12.8 Others 

„e few other precursors no, mem»n«. .bov. »Mch^^^^^^ 

S. FUTURE CHALLENGES 
Warea.otof«.dde.e,opment^^^^^^^^^^ 

film deposition techriology for opto- and m.croel^^^^^^^^^^^^ ^^^^ ^^^^^^^ w.th the 

development is the precursor "^J^^,^ /ttSely the precursor development is not ve:^ 
Drecursors CVD faces the same challenge because wo l^^^^r.y.^o on CVD precursors than ALD 

LT= 1^^^ - - - - - 

chemicals available have not been ve.y successful. v,r. Ill v co p 
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precursor development is needed are at least: good reducers for reactions where oxidation stated 
lowered, more efficient nitrogen source material than ammonia, new organometallic precu^^i^ 
electropositive elements, stable volatile precursors for noble metals, and suitable reactant combinatiQ 
metal film depositions. 
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ABSTRACT 



A composite comprising a monocrystaliine substrate 
and one or more layers or films of monocrystaliine 
IVA-VIA compounds and/or alloys formed thereon by 
a chemical vapor deposition process. The composite is 
formed at a preferred temperature range of approxi- 
mately 450'-650' C The IVA-VIA layer(8) are pro- 
duced by the pyrolysis of a gas mixture containing met- 
alorganic compounds. Where single crystal metallic 
oxide substrates of rhombohedral structure, such as 
sapphire. (a-AlaO}), or of cubic structure, such as mag- 
nesium aluminate (spinel), are used for the growth of 
monocrystaliine lead-containing films such as 
Pbi„;5SnxTe, a nucleation layer of lead is preferably 
formed on the substrate prior to the pyrolysis of the 
mixed gaseous reactants. 

Using the present process, epitaxial monocrystaliine 
IVA-VIA compounds and/or alloys can be grown on 
inorganic metal oxide substrates, such as cubic and 
rhombohedral oxides, on alkali halides and IIA fluo- 
rides, and on II-VI and m-V compounds. The compo- 
sitions of the films can be varied without removing the 
composites from the deposition apparatus by changing 
the ratio of the reactant gases and the reaction tempera- 
ture. The conductivity type (n-type or p-type) of the 
films also can be controlled without removing the com- 
posites from the deposition apparatus by varying the 
reactant gas compositions and by incorporating a dop- 
ant into the reactant mixtures prior to pyrolysis. 

15 Claims, 3 Drawing Figures 
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should be noted that these processes lead to slow 

METALORGANIC CHEMICAL VAPOR growth rates on insulators, typically less than about 350 

DEPOSITION OF IVA VIA COMPOUNDS AND A/min, (0.035 micron/min.). This is particularly disad- 

COMPOSITE vantageous and impractical for applications where thick 

The invention described herein was made in the 5 films may be required, as in IR detectors. In addition, 

course of or under contract or subcontract thereimder the composition of the grown film may not be homoge- 

with the Department of the Army. neous, particularly for alloy growth, because the vapor 

This is a division, of application Ser. No. 523,599 fded pressures of the source materials are different at a given 

Nov. 11, 1974, now abandoned. temperature and must be controlled carefully to pro- 

RACKOROUND OF THE INVENTION ^"^^ a fihn of a desired composition when two or three 

BACKGROUND Ul^ 1 mi IJN VillN llUiN sources and multi-temperatures are used. Also, the com- 

1. Field of the Invention position of the vapor may differ considerably from that 
This invention relates to the growth of IVA-VI A Qf the source during the evaporation process, since the 

compounds and, more particularly, to the growth of vapor may consist of elements together with com- 
composites comprising layers of IV A-VIA compounds 15 pounds having stoichiometry different from the source, 
and alloys on substrates. thereby resulting in deposits of non-stoichiometric com- 

2. Description of the Prior Art position. 

One application of IVA-VI A compounds is to infra- ^ ^^^^ appreciated, it is highly desirable to 

red (IR) detectors. To date, various semiconductor have a process which provides (1) a fast rate of growth 
materials have been used to form IR detectors, with the 20 rV A-VIA compounds on substrates, (2) multUayer 
result that such detectors presently cover a wide range ^51^^ structures of different compositions and impurity 
of the IR spectrum. However, past efforts have been j^^^j^ conductivity type without removing the 
concentrated on extrinsic semiconductors, rather than structures from the growth system and (3) large area 
intrinsic semiconductors, because of the highly ad- . films of controlled compositions and stoichiometry. 
vanced technology for these materials, which is pnmar- 25 

ily the result of transistor technology. SUMMARY OF THE INVENTION 

While detectors formed from extrinsic semiconduc- invention concerns a composite compris- 

tors can exhibit high D* and high speed, they are gener- monocrystalline layer or film of 

any limited to operation at very low temperatm^^^ compound or aUoy. such as PbTe. 

Also, a reianveiy large volume or aeiecror maienai is ^ 

on a monocrystalline 

usually required in ord« to ri«prb s«mc^^^ .^^^ rhombohedral oride substrate and a 

radiatton for detecbon. In addition to the obvious r^ ^ deposition process for forming both 

stncuons on the nmuatunzation of d^tor anay and ^„ and polycrjstalline compositl The 

Sr^ESSrapSS:*^"'^^ 35 cheniicIvapor^^on^fssutinzesL^^^ 

^l^rinS^ componnd^o^^^ ^^^^T ^^i^^^-^^S^'^- 

which are used for most mtnnsic detectors, have all the ^^t^ * . « u«**«+» -f.* 

advantages of the elemental (extrinsic) semiconductors Vom6s md/or ^y?"^^.^'^ 

and very few of the disadvantages. Pbj.^^n^TeOead tin ^ ^'i^^l"^^ ^ * 1^ T 

SunSandR>TeaeadteUuride;xLgaJeeiam^^^ 40 f^'^'^^^^.^r^^^ 
of excellent compound/aUoy detectors for long wave- low; above about 550 ^50 fi^ dete^^^^^ 
length IR. Lead tin telluride. for example, has several usuaUy observed on substrates ^^^^f.,^^^^^ 
advantageous characterisUcs. Because of its direct en- not stable at these temperaUires. If the film conte^^ 
ergygap,leadtintelluridedoesnotrequiredimpurity to the substrate ^PPl^^<^^^7^f 

abforb Lident photons, with the r^ult that there are 45 (spmel), a layer of lead is preferably formed first on the 
additional 104cm-3 available sites for capturing incident substrate by. pyrolysis of a lead-contammg naetal- 
signals. Satisfactory operation with relatively thin de- orgamc compound, foDowed by pyrolysis of the VIA- 
tector fihns on the order of 10 fim thickness is thus containmg compounds and tiien by pyrolysis of appro- 
possible. Also, the composition of lead tin telluride can Pnate mixtures of IVA- and VIA-containmg metalor- 
be altered for tuning to the desir^ portion of the IR 50 game compounds, ^ . ^ 

spectrum. A composition of approximately PbasSnajTe By varymg the deposiUon parameters, or by mtoo- 
(x = 0.2) is particularly useful because junction-type ducing unpunties mto the gaseous atmosphere, the film 
photovoltaic detectors using films of this composition . conductivity-type is controUed. Composites compnsmg 
provide peak response to infrared radiation in the 10-12 multilayer films are formed without removmg the com- 
fim region. 55 posite frOm the deposition system. 

Some growth techniques which have been used sue- BRIEF DESCRIPTION OF THE DRAWINGS 
cessfuUy for the formation of single crystal IVA-VIA ... 
compounds and alloys on other IVA-VIA compounds HO. 1 is a partial, cross-sectional view of a 
and alloys have not been successfully applied to insulat- IVA-VIA composite embodying pnnciples of the pre- 
ing substrates. For example, liquid phase epitaxy (LPE) 60 sent invention. 

has not been reported in the growth of IVA-VIA com- FIG. 2 is a partial, cross-sectional view of an alterna- 
pounds on insulators such as the alkali halides and oxide tive composite embodying princfles of the present in- 
insulators, presumably because of problems in properly vention comprising niultilayer films of IVA-VIA com- 
nucleating the IVA-VIA material. Yet there are consid- pounds. 

erable reports of the use of evaporation and sputtering 65 FIG. 3 is a schematic diagram of a reactor system for 
for growing IVA-VIA materials on insulatmg halide forming IVA-VIA composites, such as those f FIGS, 
substrates. This area is reviewed by H, M, Manascvit m 1 and 2, in accordance with the method of the present 
y. Crystal Growth vol. 22, pg. 125 et seq. (1974). It invention. 
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«^ ^««««,«^^^T ^« . »»»T^B«i»T^ The constituents arc then transported thr ugh valves 
DETAILED DESCRJTOON^^^ 51. 52, 53 and/or 54 and, after proper mixing, through 

EMBODIMENT valve 62 to inlet line 24 and the reactor chamber 21. The 

Referring to FIG. 1, there is shown a cross-sectional spent reactant gases are exhausted from chamber 21 via 
view of a composite 10 which may be formed according 5 lines 25 and valve 63. 

to the method of the present invention. The composite Briefly, the process of forming composites 10 (FIG. 
comprises a monocrystaUine layer or film 11 of com- l) having layers or films 11 of IVA-VIA compounds or 
pounds or alloys of groups IVA and VIA of the Peri^ alloys comprises the steps of 1) evacuating the reactor 
odic Table, such as FbS, PbTe, PbSe, Pbi-^^n^Te and chamber 21; 2) filling and flushing the reactor chamber 
SnTe, epitaxially formed on a monocrystaUine substrate, 10 with flowmg hydrogen; 3) heating the pedestal 22 and 
12 such as a semiconductor material or insulative mate- pedestal-supported substrate 12 to the deposition tem- 
rial. perature; 4) equilibrating the flow of gas from the bub- 

Referring now to FIG. 2, there is shown a cross-sec- bj^r tanks by cbnnecting the appropriate tanks to ex- 
tional view of a multilayer composite 13 which also haust (via valves 66, 67,^ 68, 69 and 72) and bubbling 
may be grown accordmg to the method of the present 15 hydrogen therethrough at a controlled rate to cquili- 
invention. Typically, the composite 13 comprises the ^jate the flows at a predetermined ratio; 5) directing 
substrate 12, an epitaxial monocrystaUine layer or film reactant gases into the reactor chamber to form the fihn 
11 of lead tin teUuride or lead telluride, which is of one jVA-VIA compoimd or alloy; and 6) cooling the 
conductivity type (such as n-type), formed on the sub- deposition composite to room temperature is hydrogen 
strate 12, and another epitaxial monocrystaUine layer or 20 diverting the reactant gases from tiie reactor. The 
fihn 14 of lead tin teUuride or PbTe of the opposite fonnation of a layer of lead on tiie substrates prior to 
conductivity type formed on the layer 22. The apphca- deposition per step 5 is an imiwrtant part of the process 
tions for tiiis multilayer composite 13 include infrared growing continuous, monocrystaUine, lead-contain- 

detectors, as described subswjuentiy. ^ ing films 11, such as lead teUuride and lead tin teUuride, 

It wiU > appreciated that where the IVA-VIA 25 on insulative oxide substrates, such as magnesium alumi- 
film(s) need not be monocrystalhne, the substrate 12 sapphire 

may be amorphous, such as glass or fused quartz, or to evacuate tiie reactor according to step 1. valveSS 
polycrystaUme, such as polycrystatoe alummum oxide. ^ 2 j ^ ^^^^ 

RefeningnowtoFIG 3.tiie«iS8howna iTx^^wUncsup to the valves of tiie bubbler tanks 31, 

repr^entation of a ^^Ijy^^J^ ^ 32, 33 and/or 34^y also be comiected to vacuum am^ 

^teto^U^ 35 by flowmg hydrogen fh,n.^^^ 

aui^uoi« V* * */ © valve 61 and inlet valve 78 to the inlet line 24 and the 

which IS connected to a pow^ source (not shown) Sr ctomto^l. tiien exhausting the hydrogen from 

Although the dunensions are ndt cntical, a chamber 21 rra^wf cnamocr f *• "r^^^je**^^ 

about6cmindiameterby40cminlengtiihiisbeenused 

8UCcessfuUy.ThetempeitureofthepSiestal22andi^^ • ^! ^^^SliTi^il^S^ 

substrate iport^reoh may be measured by an 40 T'^^ff 

infrared radktion thermometer (not shown) which may *^ * If*^*^ 

control tiie power to tiie coU 23. Means (not shown) tal is being broti|^t^to ^^^^^Pf^^^^^^^^ 
maybeprovWedforrotatingthesubstrate,as8hownby drogen^maybeflowrf tooi^t^bub^^^ 
tiie arrow, to promote uniform deposition. ^Jl^/S'^^"?^' •gf W^^""" ' 

The reactant gases which fonn \^ IVA-VIA com^ 45 52. » and 54 (valves 6^ 67. 68 and 69 ^ coiimon 
pounds enter tiie reactor chamber 21 via inlet Une 24. vacuum valve 70ji«^<^<»^ to^ust 
Unc 25 is used to exhaust tiie chamber of spent and tiie flow through valyw 75 and 72 a a pred 
unused reactants and gaseS, and to coinect the chamber ratio; The flows may be controUed .iwng.tiie valves 
to sources of vacuum and air (not shown). The reactor associated with the flow meter assembly 39. ^ j> 
system 20 uses stainless sted bubbler tanks such as tanks 50 According to stqp 5, 9f^ ihc pedestal 22. and jub- 
31, 32 and 33 as needed for siii^lying the IVA-VIA 12 ares at the deposition temperature and the flow 

fihn constituHits, and bubbler tanks such as tank 34 for rates have bera oquiUbr^ 
supplying conductivity-type determining unpurities 75 ^ closed and tii^^ gais 

(n-type or p^type dopants). Alternatively, tiie dopants reactor cham>tt 21.; It wffl b^ noted t^t.tiie r«?taiit 
may be introduced in dUute form from a tank 35 con^ 55 gases are channded iri^ 

taining the dopants and a carrier gas comp^ble witii , to entering tiie reactor chamber. By chahnding tiwe 
tiie growtii process, e-g., Hj or He, if such a dopant reactant gases into tiic single; inlet Im^ 24, tiic ^ses, 
mixture is available. which arc miated extcrnaUy to tiie h^ 

PaUadium-purified hydrogen is used as the carrier gas ber can be introduced simultaneously bto the reactor, 
for the fihn constituents. The carrier gas is flowed from 60 thereby precluding an imdesirable premature reaction 
a source 37 through a Uquid nitrogen cold trap 38 and of individual reactants with the heated substrate. Also, 
through an assembly 39 of valve-controUed flow me- the valves 66-^ permit individual settmg of the gas 
ters. The purified hydrogen then can be directed at a . reactants prior to their mixing and introduction into the 
controUed rate through any or all f valves 41, 42, 43 reaction chamber. Moreover, the valyes 51-54 permit 
and 44, respectively^ (valves 81, 82, 83 and 84 being 65 introduction of indiiadual reactants. prior to dqKtsitibn 
closed) into bubbler tanks 31, 32, 33 and/or 34, thereby per step 5 to promote the growth f fihns on materials 
transporting the desired reactant constituents m the such as sapphire and magnesium aluminate, as discussed 
bubblers through tank exit valves 46, 47, 48 and/ r 49. previously. 



TABLE I 


METALORGANIC COMPOUNDS USED IN 
: DEPOSITION OF IVA-VIA FILMS 


Compoimd 


Abbreviation 


Formulation 


Tetramethyllead 
Tetraethyllead 
Tetramethyltin 
Tetiaethyltin 
. Dimethyltellurium 
DiethylteUurium 
Txlmetnylantiinony 


TMPb 
TEPb 
TMSn 
TESn 
DMTe 
DETe 
TMSb 


(CH04Pb 

'A 

^^ki^sb 
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After a predetermined deposition time involving step In general.it can be expected that the process can be 
6, the resulting c mposite is allowed to cool by shutting ^ ufled to produce IVA-VIA films on IVA-VIA sub- 
off power to the RF heating coil 23 after diverting the Btrates which p ssess similar lattice parameters. See, 
reactant gases from the reactor chamber 21 and through e,g.. the aboye-mentioned article in / Crystal Growth 
valves 66-69. 75 (with valve 62 closed), and 72. At the 5 authored, by ne of the present inventors which is 
same time, hydrogen is stiU fiowing through the reactor he«by incorporated by reference. TT^^^ van us metalor- 
chamber via valves 61. 78. and 63, thereby cooling the game pompomids used for IVA-VIA fihn growth are 
sample in flowing carrier gas. Usted m Table I below^ 

When the reactants and sources iof dopant are nor- 
mally gaseous at room temperature br are sufiiciently 
volatile so that transport by a carrier gas may be consid- 
ered optional, step 4 of the process can involve equili- 
brating the flows of these reactants or sources of dop- 
ants supplied by tank 35 with the other reactante by 
connection to the flow system via valve 71. if it is pre- 
ferred that members of the reactant mixture meet in 
inlet line 24 of the reactor via separate lines, then the 
appropriate flows can be directed through valve 77 

after adjusting the flows using flowmeter valve 76 and Hydrogen telluride (HaTe) is a suitable substitute for 

exhaus valve 73, which is closed immediately after DMTe as a source of Te. 

valve 71 or 77 is opened. At the end of the deposition, p^je FILMS/SAPPHIRE AND MAGNESIUM 

the valve positions are reversed in order to remove ALUMINATE (SPINEL) SUBSTRATES 

(exclude) the reactant gases from the reactor. Here, tetraethyllead, TePb, and dimethyltellurium. 

FIG. 3 is used for purposes of illustration and instruc- 25 DMTe, were used as ie source of Pb and Te, respec- 

tion as to technique. Modifications in the design are tively, in the stainless steel bubbler tanks 31 and 33. 

withm the capabilities of those skilled in the area of Polished, (0(Kl!l)-oriented sapphire and polished, (111> 

chemical vapor deposition. oriented magnesium aluminate were used as substrates 

_ _ 12 (FIG. 1). 

SUBSTKATfib 3Q After evacuating the reactor chamber 21 (step 1) and 

The Group II fluorides, particularly BaF2, are of filling the reactor chamber with hydrogen flowing at 

considerable interest as substrates for IVA-VIA coni- ^proxhnately 10 liters per minute (1 pm), (step 2), the 

pounds because their thermal expansions approximate pedestal 22 was heated by the RF coil 23 to wiflun the 

those of the IVA-VIA compounds, and because they desired deposition temperature range of approximately 

are essentially transparent to 10-12 ^ radiation in thin 35 450'-650' C Hydrogen flow rates of approximately one 

wafer form. BaFj considered an excellent substrate for Ipm through the TEPb and 25-75 ccpm through the 

IVA-VIA IR detectors at these wavelengths. Also, the DMTe were used. 

insulative mctaUic oxides sapphire, magnesium oxide To promote rapid gowth of contmuous. monocrys- 

(MgO), and magnesimn al^ate halT properties taUine PbTe films 11 (FIG. 1) on the s^^ 
U^Ueth^finterestassubstratesfor^^^^ 40 nddum alummate «ibstr^^^^^^ 

compomids which can be used as detectors m the 3-5 ated with a thm deposit of 1^ pnor to the onset of 

growth of tHetilms. . r ^ 45 of step 5) by 1) introducing TEPb alone into the reactor 

BaF, and CaF: were used pnmardymt^f^^ chS 21 tb deposit Pb on the heated substrate. 2) 

cleaved (lll)K)riented^^^mad^ nerintroducing Dm'e alone into the reaction cham- 

although some pohshed BaFjSubstrates of (111) onenta- ^ foUowed by the reintroduction of TEPb 

tion and (100) orientation which were prepared from ^ . ^ ^^^^ j^^^ chamber 21. according to 

(111) oriented crystal ingote were successfully used for ^ 

monocrystalline fihn growth. The (lll>oriented BaFj j^^^ specifically, valves 51 and 62 were opened and 

end CaFicrystal ingots were typicaUy about one inch in ^^^^ ^ ^^^^ exhaust the TEPb 

diameter and up to one inch in length and were used to during flow equihT)ration (step 4), was closed, in order 

form substrates of about 0.020 to 0.030 inch thickness. ^ ^^^^^ TEPb alone into the reactor chamber 21. As 

In addition to the above, single crystal alkali halides, mentioned previously, a hydrogen carrier gas flow rate 

represented by NaCl, n-VI compounds, represented by Q^e Ipm was used for the TEPb. After about one 

CdTe, ni-V compounds, represented by GaAs, and minute at this flow rate, sufficirat Pb growth occurred 

rV-VI compounds, represented by PbTe, were used as fonn a Pb deposit. Next valve 66 was opened to 

substrates for the epitaxial growth of the IV-VI com- direct the TEPb to exhaust and valve 51 was closed, 
pounds. The alkali halides were cleaved just prior to ^ Valve 53 was then opened to introduce DMTe into the 

use; the CdTe was a single crystal fihn grown on a reactor through valve 62 with valve 68 closed. The 

sapphire (a-AliOO substrate; and the GaAs were (100) DMTe converts Pb to PbTe and/or provides a tellu- 

and (lll)-oriented single crystal substrates, which were rium rich atmosphere. A hydrogen flow rate through 

polished by chemical-mechanical means, and as-grown the DMTe of about 45 ccpm was used. After about five 
(lll)-oriented films on sapphire. PbTe substrates (see 65 minutes f DMTe flow, TEPb was reinUoduced into 

Table II, composite type nos. 12 and 13) were polished the reactor chamber in the carrier gas in the presence of 

by chemical-mechanical means and were oriented to DMTe (step 5) and PbTe was formed in the presence of 

expose a (100) plane. the Te rich atmosphere. 
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TABLE II 



COMPOSITE SUBSTRATE 
TYPE NO. PLANE 



CRYSTALLOGRAPHIC RELATIONSHIPS, 
IV A- VIA FILMS AND SUBSTRATES 
PARALLEL 
PLANES 



PARALLEL 
DIRECTIONS 



1 
2 
3 
4 
3 
6 
7 
8 
9 
10 
11 
12 
13 



(OOOOa-AljO, 
(Un MgAlp4 
nil) B^ (cleaved) 
(100) Nad 
(100) MgO 
(0001) a-AJiOj 
(111) BaFj (cleaved) 
(111) CaFj 
(0001) a-AljO] 



(111) Ba^ 
(lll)Cal^ 
(100) PbTe 



(100) PbTe 



(111) PbTe // (0001) AIjO, 
(III) PbTe //(111) MgAJ204 
(111) PbTe// nil) BiJ[2 
hoO) PbTe// (100) Nad 
(100) PbTe// (100) MgO 
(111) PbS// (0001) AUOj 
(111) PbS //(111) BaFj 
(Ul)PbS//(lU)CaFi 
(111) PbSe// (0001) AUO) 
(ni)PbSc//(lIl)BaR 
(lll)PbSe//(lll)Ca5 
(100) PbTe// (100) PbTe 
(100) PbaaSnaaTe // (100) PbTe 




rtlO] PbS // 

iTolPbS//, . , 

ITO PbS//t0TllCiF2 
TlO PbSe // [1210] aJiO; 
iToj PbSc // OTll Ba^ 
ITO) PbSc // pTlJ CrfJ 

not determinet 

not detennined 



After the film 12 of PbTe was deposited, the gas 
reactant mixture was diverted from the reactor cham- 
ber 21 and the sample was cooled in hydrogen flowing 
at about one 1pm (step 6). 20 
. The PbTe films were grown to about 5 fim thickness 
on the sapphire and magnesium aluminate substrates. 
The films were determmed to be monocrystalline using 
x-ray analysis. The crystallographic relationships be- 
tween the PbTe films and aumina and spinel substrates 25 
are summarized in Table II» under composite type num- 
bers 1 and 2. Growth parameters are summarized in 
Table III, also under composite type numbers 1 and 2. 

PbTE FILMS/BaFj SUBSTRATES 
PbTe films were grown on single crystal BaF2 sub- 
strates using TEPb or TMPb and DMTe as the reac- 
tants. Some substrates were used as-cleaved, without 
polishing. 



30 



Monocrystalline film growth on the cleaved, (111)- 
oriented Bafj substrates was achieved using TEPb as the 
source of Pb at predestal temperatures of 450*-600* C. 
Specifically, temperatures of 450, 500, 560, 575 and 600* 
C were utilized. Somewhat higher temperatures can 
also be expected to be consistent with single crystal 
growth. Also, the range of 500'-«X)* C provided a 
growth rate (0.08 fim/min. or 5 ^m/hr. for the stated 
parameters) which was approximately twice that 
achieved at 450* C. 

The PbTe fihns were grown to a thiclcness of approx- 
imately 5 microns. X-ray diffraction measurements 
showed the PbTe films were monocrystalline. The film- 
substrate crystallographic relations for PbTe fihns 
grown on the cleaved, (lll)-oriented BaFjare indicated 
in Table II under composite type no. 3. The growth 
parameters described above are summarized m Table 
in under composite type no. 3A. 
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Similar results were . obtained using TMPb as the ' strates which are suitable for PbTe gr wth. Thus, usbg 

source of Pb, as shown bel w, except tibit growth rates similar conditions and, f course, a source of tine, such 

c uld be increased considerably. as TESn, lead tin telluride can be grown n the above- 

The metalorganicCVD process of th present inven- described substrates, 

tion was used successfully to vary the c nductivity 5 . „ _ ^ 

type. That is, both n- and p-typc PbTe fdms were ™^ FILMS 

formed on cleaved (111) BaFj substrates. Here, TMPb The method of the present invention was also used to 

and DMTe were the sources of lead and teUurium. In form monocrystalline, continuous films of PbS and 

these examples, the n-type and p-type films were ob- PbSe on polished (0001) AbOsi cleaved (111) BaF^i and 

tained by varying the TMPb to DMTe ratio. See Table 10 cleaved (111) CaFj substrates using a 550* C deposidon 

III, composite type no's. 3B-3E. For comiposite type temperature. The Group VIA source was HjS and 

no. 3D, hydrogen flow rates of 200 ccpm through the HaSe. The crystallographic relationships for the 

TMPb and 75 ccpm through the DMTe gave a fbS/(0001) AI2O3, . PbS/(lil)BaF2, Pb8/(Hl)CaF2- 

TMPb:DMTe now rate ratio ofabout 3:1, and provided PbSe/(0001)Al2O3, PbSe/(lll)BaF2 and PbSe/(lll- 

a high film growth rate of about 32 microns per hour 15 )CaF2 film-substrate composites are listed in Table II, 

and a very high quality, monocrystalline n-type (pre- under composite type no*s. 6-11, respectively. The 

sumably metal rich) PbTe film. However, for high growth parameters are listed in Table III under com- 

TMPb concentrations and low DMTe concentrations, posite type no's 6-11, 

p-type films were formed, perhaps due to a high defect Referring to Table III, the PbS fihns for composite 

structure. Thus, composite type no. 3E was p-type, 20 types 6-8, and the PbSe Hlms for composite types 9-11 

when the DMTe flow was lowered from 75 to 35 ccpm. were formed from TMPb and, respectively, H2S and 

Varying the ratios of TEPb and DMTe can thus be . H2Se. The H2S and H2Se were supplied from tank 35, 

expected to yield n- and p-type films with controllable which is connected to the reactor system through 

properties. valves 76 and 77 or 76, 71 and 62. Valve 73 or 75 is used 

N-type on p-type and p-type on n-type multilayer 25 to equilibrate the flows Crom tank 35 prior to introduc- 

films and junctions were formed by vaaTinig the ratios of tion into line 24 and reactor 21. Valve 75 is also used in 

the Group IV A and VIA reactants. mixing the HiS or H2Se (a carrier gas is optional) from 

PbTe FILMS/Naa SUBSTRATES SebutWer^ ^^Sr'tocn^l^Sto^^^^c^^ 

The method and metalorganic constituents used for 30 ber 21 (step 5). 
the formation of PbTe films on BaF2 substrates were When the substrate is stable to the Gfroup VIA reac- 
used to form monocrystalline PbTe films on (100)-ori- tants at the growth temperature and the product of 
ented NaCl substrates. Here, deposition was attempted decomposition does tiot form a deposit on or react with 
and achieved at temperatures in the range of 500*-625* the substrate surface, the Group VIA reactant can be 
C. The crystallographic relationships of the PbTe films 35 introduced into the reactor prior to the introduction of 
and NaCl substrates are listed in Table n under compos- the Group IVA reactants. For example, reaction of 
ite type no. 4. Growth parameters are listed in Table III, ifaF2 with DMTe precluded introducing DMTe into 
also under composite type no. 4, for samples grown the reactor prior to the introduction of TEPb or TMPb 
within the approximate range 500*-550* C This range and mixing of the reactant ^oses external to the reactor 
produced better quality films on NaCl than higher tern- 40 was, therefore, required. In the case of the Group VIA 
peratures. The NaQ substrates appeared to be unstable hydrides, namely HjS and H2Se, which did not appear 
at higher temperatures. to react with BaF2, it was sufiBdent to introduce the 

PhT« mi M<5/vf on <5i IRCTR ATF^ ^ Containing reactants either singly or together into 

PbTe FILMS/MgO SUBSTRATES p^or to the introduction of the metaUor- 

The method and metalorganic constituents used for 45 game Pb and/or Sn compounds. Referring to FIG. 3, in 
the formation of PbTe/BaF2 and PbTe/NaQ compos- the latter case, the Group VIA component would pass 
ites were also used to form monocrystalline PbTe films through valve 77 into reactor 21 priorto the admittance 
on MgO substrates. The^ crystallogi^phic relationships of the Group TVA c6niiKment(s) through vidve 62. 
and growth parametfera are lifted in Table II and III It will be appreciated by those dolled in the art that 
under composite type no. 5. As wiis true for PbTe/naCl SO pyrolysis of mixtures of the hydrides of S and Se with 
composites, better quality films were produced within the Group IVA components will form Group IVA-^ 
the range 500*-550* C thui at higher temperatures. Si.;^xCompoimds such as I^i_xSejtdr.$n^S^^^ 

Similar results can be expected when TMPb is used as ph c„ t-. mt 

a substitute for TEPb. TO i -j^n,Tc FH>MS/^2 SUBSTRATES 

PbTe FILMS/GaAs, GaAjs-on-Al203 and CdTeon- 55 Lead tin teUtiride films were growd on c^ 
AI2O3 SUBSTRATES oriented BaF} substrates at deposition tdnperaturcs of 

The method and metalorganic constituents used for 55b*-625* C using essentially the telluiide-on* 
the formation of PbTe films on BaF2 and NaCl sub- barium fluoride disposition mieihod with the added film 
strates were used to form epitaxial PbTe films on pol- constituent —tin— bekig supplied by TESn from stain- 
ished (100) and (lll>-orientedGaA8 substrates, on (111) 60 less steel bubbler tank 32. Fihn growth of compodtion x 
GaAs films grown on (0001) AI2O3; and on (111) CdTe = 0 to x 0.2 was achieved for hydrogen .flow rates 
films grown on (1126) AI2O3. Typical flow rates of through the TESn of up to 200O o^m. (As the hydro- 
50-200 ccpm for TMfb and 75-100 ccpm for DMTe gen flow rate through the TESn is decreased to zero, 
were used at growth temperatures of 500 and 625* C to thefilmc mposition approaches that of lead telluride). 
form films which were very highly rdered with re- 65VUsiiig a hydrogen flow rate of 25 ccpm through the 
spect to the underlying substrate. Because lead telluride DMT and 1000 ccpm through the TEPb, the desired 
(PbTe) is representative of lead tin teUuride - bompo^ition.f r detector, devi^ rx» 
(Pbi-j^SnxTe), lead tin teUuride can be grown on sub- ' 0.2, wais closely apimximated over a wide range of 
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have coefficients of aptproximately 18 X 10-V* C and 
27 X 10-*/* C, respectively. However, despite the exis- 
tence of stress, Pbo.8Sn(]^2'^fi 100 microns thick 
were grown on BaF2 substrates without evidence of 
cracking. Such composites may be useful as strain 
gauges, etc. 

DOUBLE LAYER Pb,.;,Sn;,Te FILMS/BaFj 
SUBSTRATES 

Referring now to FIG. 2 using a cleaved, (lll)-ori- 
ented BaF2 substrate 12, a first, undoped p-type layer 11 
of FbagSnaiTe was epitaxially formed on the substrate, 
then a second PbasSnajTe layer 14 doped with Sb was 
grown on the first layer. Both layers were formed using 
the method of the present invention, as described previ- 
ously. The double layer, Pbo.8Sn(X2Te film-BaP: sub- 
strate composite 13 was processed into a mesa diode 
(not shown) by standard photolithographic techniques. 
Ohmic contact was provided by vacuum deposition of a 
one micron thick film of Sn on the surface of the upper 
layer 14. An mfrared photovoltaic effect of about 25 mv 
was observed at 77° K. 

Sn-VL\ FILMS 

The reaction of TESn with DMTe, H3S and H2S was 
used to form Sn-VIA compound films. For each film, 
the new H2 flow through the TESn was kept constant at 
2000 ccpm. The flow through DMTe and the H2S and 
per hour on (111) BaPj substrates. The film possessed H2Se flows were arbitrarily set at 75 ccpm, --25 ccpm, 
excellent electrical properties at room temperatures: 30 and ^50 ccpm, respectively. 

resistivity was approximtely 0.0014 ohm-cm; hole con- Within the temperature range — 500'-650" C, or- 
centration was 9.5 X lO^^cm-^; mobility was about 470 dered growth of SnTe was obtained on the substrates 
cm^/V-sec; and the band-gap energy was about 0.23 eV. examined, cleaved (111) BaF2 and polished (100) PbTe. 

Sawed and polished (111) BaF^ wafers were also used Considerable trigonal structure usually associated with 
as substrates. The appearance of lead tin telluride films 35 (111) growth was obtained on the BaF2, particularly 
grown on polished BaF2 substrates was inferior to those 
grown on freshly cleaved BaF2, but the electrical prop- 
erties were essentially the same. 

Using the foregoing informtion, those skilled in the 
art will achieve film compositions within the range 0 ^ 40 
X ^ 0.5. 



hydrogen flow rates (approximately 750-2000 ccpm) 
through the TESn. Precisely the desired composition 
was achieved for hydrogen flow rates through the 
TESn of 850 and 900 ccpm. Growth rates using the 
temperature range 550" 14 625* C and the range of hy- 
drogen flow rates of 750-2000 ccpm were aproximately 
7 to 8 microns per hour. See Table III, composite type 
No. 3F. 

Lead tin telluride films were also grown using TMSn 
in place of TESn. However, the TMSn was considera- 
bly less efficient than TESn for the deposition tempera- 
ture used, 550*-600" C. 

Referring to Table HI, composite type No. 3G, 
growth rates of about 7-23 /im/hr. were obtained over 
the temperature range 550''-625'' C using TMPb in 
place of TEPb, for a DMTe flow rate of 75-150 ccpm, 
a TESn flow rate of 3000 ccpm, and a TMPB flow rate 
of approximately 50 ccpm. Growth rates increased with 
temperatures hi the range 550"-625* C However, at the 
higher temperatures, the. value of x increased. To con- 
trol the film composition to x ^ 0.2 at 625* C it was 
necessary to use a TESn flow rate of about 2000 ccpm, 
indicated below. 

For hydrogen flow rates through the respective reac- 
tants TMPb, TESn and DMTe of 50, 2000 and 75 ccpm 25 
and a pedestal temperature of 625' C, a film of composi- 
tion Pbo.soSnojoTe was grown to a tldckness of approxi- 
mately i5 micron at a growth rate of about 23 micron 



VARIED CONDUCnVITY-TYPE Pb,_;^Sn,Te 
FILMS 

The conductivity type of lead tin telluride films was 45 
changed by varying the DMTe flow rate and growth 
temperature. As shown by the datain Table lU, alkyl 
antimony compounds such as TMSb can also be used as 
a source of n-type doping impurity to vary the conduc- 
tivity type of lead tin telluride. Referring to FIG. 3, 50 
TMSb was stored at —78* C in the stamless steel bub- 
bler tank 34. Hydrogen was used to transport the TMSb 
for mixing wifli the other reactants externally to the 
reactor chamber 21. 

As shown by composite nos. 3H^L in Table HI, 5S 
increasing the TMSb flow rate changes the film from 
p-type to n-type. The TMSb flow rate at which this 
type change occurs is dependent upon the other param- 
eters, such as TMPb, TESn and DMTe flow rates and 
film growth temperature. Table in indicates the film 60 
composition can be closely controlled and that electri- 
cal properties for the p-type and n-type films are gener- 
ally excellent. • 

Considerable tensile stress was present in PbTe and 
Pbi.xSnjrTe films grown on BaFj substrates, mainly 65 
because of the large difference between the thermal 
expansion coeflicients of the film materials and the 
BaF2 substrate material. To illustrate, BaF2 and PbTe 



near the edges of the substrate. Growth on (100) PbTe 
produced a large array of islands oriented with respect 
to each other and the substrate. Large crystallites with 
parallel faces and, in some cases prominant hollow cen- 
ters grew at the edges of the PbTe substrates under 
these less-than-optimum growth conditions. 

S and Se chalcogenides of tin were grown over the 
deposition temperature range of ^50O"-575'' C. Above 
575* C, e.g. at 600" C, film quality decreased. The VIA * 
constituents S and Se were provided by H2S and H2Se, 
respectively, using arbitrarily-chosen flow rates of '^25 
and -^50 ccpm, respectively. 

The nature of the growth of the S and Se chalcogen- 
ides of Sn, which possess an orthorhombic structure, 
was not like that of cubic SnTe. Tinsulfide films, ~3fim 
thick, grown at 550° C simultaneously on cleaved BaF2 
and CaF2 tended to peel from the BaF2 but adhered to 
the CaF2. At 500" C tin selenide grew as crystallites on 
BaF2. An orienting influence of the substrate was sug- 
gested by the parallelism and 60 degree synmietry dis- 
played by many of the crystallites. In the early growth 
stages the films possessed a yellow-orange color; 
thicker films were grey. Crystallite growth of both 
compounds was obtained on (0001) AI2O3. 

Contmuous film growth of the tin- VIA compounds 
on sapphire can be expected if the surface is nucleated 
with Sn prior to the growth of the tin- VIA compounds, 
as previously described for PbTe growth on sapphire 
and magnesium aluminate. 

Thus, there has been described a method of growing 
IVA-VIA films on insulative and semiconducting sub- 
strates. Examples of the method of growth, of the film- 
substrate composites formed thereby, and of applica- 
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tions f r the composites have been described. However, 
the scope of the invention is limited only by th|? ap- 
pended claims. 

Having thus described a preferred embodiment, what 
is claimed is: 

1. A method for forming a layer of Group IVA-VIA 
material on an amorphous substrate of glass or Aised 
quartz or a monocrystalline or a polycrystalline sub- 
strate selected from the group consisting of Group lA - 
Group VIA compounds, Group II - Group VI com- 
pounds Group IIA- Fluorides, Group IIIA - Group VA 
compounds and Group IV - Group VI compounds, a- 
AI2O3 and MgAl204, comprising the steps of: 

establising a heated deposition zone at a temperature 

within the range 40O*-700* C and encompassing a 

deposition surface of said substrate; 
forming a gaseous mixture of metalorganic IVA-con- 

taining and VIA-containing components; and 
pyrolyzing said mixture withm said heated deposition 

zone. 

2. A method for forming a layer of Group IV A- VIA 
material on a substrate as defmed in clium 1 wherein: 

the layer of I V A-VIA material is a monocrystalline 
layer of PbS or PbSe; 

the Group VIA containing component is selected 
from HjS or HiSe; and. 

the Group VIA-containing component is introduced 
into the heated deposition zone prior to introduc- 
tion of the Group IVA-containing component. 

3. A method for forming a layer of Group IVA-VIA 
material on a substrate as defined in claim 1, wherein the 
substrate is a monocrystalline Group IA-VI)A mate- 
rial. 

4. A method for forming a layer of Group IVA-VIA 33 
material on a substrate as defmed in clum 1, wherein the 
substrate is a monocrystalline Group IIA-fluoride mate- 
riaL 

5. A method for forming a layer of Group TVA-VIA 
semiconductor on a substi^ as defined in claim 1, 40 
wherein the substrate and layer are monocrystalline, the 
group IVA-VIA material is selected from lead telluride 
and lead tin telluride, and the substrate is selected from 
a-AUQs and magnesium aluminate, the method fi^ther 
comprising the step of forming a layer of Pb on the 45 
deposition surface of the substrate prior to the ifohna- 
tion of lead telluride or lead tin tellimde. 

6. The method for forming a layer of Group 
IVA-VIA semiconductor material on a substrate as 
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. 7. The method defmed in claim 6 wherein the VIA 
constituent f the tin- VIA material is at least ne ele- 
ment selected from the group c nsisting f sulfide, sele- 
nlde and telluride. 

8. A method for epitaxially forming at least one 
monocrystalline layer f IVA-VIA semiconductor ma- 
terial: on a. deposition surface of a monocrystalline sub- 
strate selected from the group consisting of Group LA - 
Group VIA. compounds Group II - Group VI com- 
pounds. Group IIA > Fluorides, Group IIIA - Group 
VA compounds and Group IV - Group VI compounds, 
a-. AI2O 3 and MgAljO^, said IVA constituent being 
selected from Pb and Sn and said via constituent being 
selected from S, Se and Te, the method comprising the 
step of: 

establishing a heated, deposition zone at a tempera- 

. ture within the range 450* - 650* C and encompass- 
ing, the deposition surface of the substrate: 

forming a gaseous mixture of IVA-containing com- 
pounds selected from the group consisting of tetra- 

. ethyllead, tetramethyllead, tetramethyltin, tetra- 
ethyltin, and of VlA-containaing compounds se- 
lected from the group consisting of dimethyltel- 
lurium, H2Te, diethyltellurium, hydrogen sulfide, 
and hydrogen selenide; and 

pyrolyzng said gaseous mixture within said deposi- 
.tion zone. 

9. A method for epitaxially forming at least one 
monocrystalline layer of IVA-VIA semiconductor ma- 
terial on a depo^on surface of a monocrystalline sub- 
strate as defined in claim 8, wharem the VIA-containing 
compound is hydrogen sulfide or hydrogen selenide and 
is introduced mto the deposition zone prior to the intro- 
duction of the IVA-containing compound. 

10. 'The method d^efined in claim 8, further compris- 
ing the steps of; 

varying the ratio of said IVA-containing and VIA- 
containing compounds in said mixture to form lay- 
ers of different compootions; and 

selectively , introducing conductivity-type determin- 
ing impurides into said gaseous mixture. 

11. The method defined in claim 10 wherein the con- 
ductivity-type determining impurity is Sb and is sup- 
plied by a metalorganic a^kyl compound of Sb. 

12. The method defined in claim 10 wherein the 
.monocrysUUine substrate is selected from the group 
coi^ting of Group lA-VIIA, Grroup IIA-fluoride, 
Group IIIA--V A, and Group IIB-yiA materials. 

13. The method redted in claim 1 wberdn said sub- 



defined in claim 1, wherein the Group IVA-VIA inate- 50 strate is monocrystalline. 



rial is a tin-VIA material and the substrate is selected 
from a-AbC^ and magnesium aluminate the, method 
. further comprising the step of fdrming a layer of tin on 
the deposition surface of the substrate prior to the for- 
mation of the tm-VIA material. 
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14. Hie me^od redted.in claim 1 wberdn said sub- 
strate is polycni^talline. 

15. The method recited in claim 1 wherein ^d sub- 
strate is amorphous. 



